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Experiment 1 was used to determine the effect of systematic 
manipulation of five body positions (seat tube angle) and 
configurations (hip angle) on cycling performance while 
controlling for body orientation (trunk angle with respect to the 
ground). Sixteen male subjects (21-35 years of age) were tested 
in each of five different body positions (0, 25, 50, 75, and 100 
degrees) as defined by the angle formed between the seat tube and 
a vertical line. The seat backrest was kept perpendicular to the 
ground. It was determined from repeated measures MANOVAs, 
Dunnetts' multiple comparison tests and trend analysis that: (1) 
for total work output and maximal aerobic energy expenditure, 
performance in the 75 degree seat tube angle position (76.8 
degree mean hip angle configuration) was significantly greater 
(p < .01) than in all the other positions, except for the 50 
degree seat tube angle (100 degree mean hip angle); and (2) a 
quadratic trend (p < .01) best describe the trend in total work 
output and maximal aerobic energy expenditure with changes in 
body position and configuration. 
Experiment 2 was used to determine the effect of systematic 
manipulation of three body orientation on cycling performance 
iv 
while controlling for body position and configuration. Ten male 
subjects (24-35 years of age) were tested in each of three body 
orientations (60, 90, and 120 degrees) as defined by the angle 
formed between the seat backrest and a horizontal line parallel 
to the ground. The body position selected had a seat tube angle 
of 75 degrees. It was determined from repeated measures MANOVAs 
and trend analysis that there were no significant differences or 
apparent trends in maximal aerobic energy expenditure and total 
work output with changes in body orientation. 
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I. INTRODUCTION 
The. United States in a typical year of the late 1960's used 
some 55,000 trillion BTU for all major activities, with 
transportation accounting for about 24% of this total (Rice, 
1972). With a forced rise in world oil prices and the occasional 
disappearance of easily available gasoline, the prospect of an 
energy crisis resulting from a shortage of fossil fuel looms ever 
larger. Blake (1983) indicated U.S. dependence on foreign oil 
imports have increased from 25% in early 1982 to 35% in the third 
quarter of 1983. Between 1985 and 1990, depending on the 
recovery rate of the world's economy, development of non-OPEC 
(Oil and Petroleum Exporting Countries) oil products, and 
numerous other factors, world oil demand should rise and the 
increase should largely be met by increasing demands on OPEC. 
Sometime between 1986 and 1990, demand for OPEC oil is projected 
to reach 24 to 26 million barrels per day, resuming upward price 
pressure on the market (Blake, 1983). With this potential 
increase in demand and price, efficiency of transportation will 
likely become an issue of greater concern, and public attention 
is likely to focus on alternate modes of transportation. Human 
powered vehicles would provide an effective alternative to the 
use of the automobile and public transit for commuting. 
In a comparison between human powered vehicles and engines, 
Whitt and Wilson (1982) indicated that a rider on a bicycle will 
expend less kilocalories per kilometer per person when compared 
to a moped with rider, an automobile with one or five riders, or 
a diesel commuter train with riders. Even among animals, a man 
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on a bicycle is ranked first in efficiency in terms of energy 
consumed in moving a certain distance as a function of body 
weight (Wilson, 1973). Wilson (1973) states that a walking man 
consumes about 0.75 cal/gm/km, which is not as efficient as a 
horse, a salmon, or a jet transport. With the aid of a bicycle, 
however, a man's energy consumption for a given distance is 
reduced to about 0.15 cal/gm/km. This five-fold increase in 
efficiency appears to be accompanied by a three or four fold 
increase in travelling velocity (Wilson, 1973). This, according 
to Dill, Seed, and Marzulli (1954) makes cycling 2.5 times easier 
than walking. 
The potential use of human powered vehicles as an efficient 
alternate mode of transportation is not just limited to usage on 
land. An underwater bicycle has been shown to reduce man's 
oxygen requirements by almost 40%, yet increase his propulsive 
effectiveness as high as 1.6 times when compared to underwater 
swimming with fins (Baz, 1979). The use of a human powered 
vehicle as a viable mode of air travel has been demonstrated by 
the Gossamer Albatross. The Gossamer Albatross was the first 
human powered aircraft to cross the English Channel (Drela & 
Langford, 1985). It required a human power output of 0.25 hp 
(186.5 W) and had a cruising speed of 12 mi/hr (5.36 m/s) (ME 
Staff Report, 1984). Aside from the underwater bicycle, all the 
human powered vehicles discussed thus far (and those generally 
used by the public) involve some type of cyclic pedalling motion 
and seating in a position with an upright orientation. However, 
all the more effective human powered land vehicles used to 
establish speed records involve cyclic pedalling motions in a 
I 
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prone, recumbent (supine), or semi-recumbent (semi-supine) 
position with various body orientations. 
Before continuing, there are certain terms that must be 
defined if confusion is to be avoided. The terms body position, 
body configuration, and body orientation are all interrelated, 
and are often used interchangeably in the literature. In this 
dissertation, the term body position refers to the location of 
the cyclist relative to the pedal axle of the bicycle and is 
determined by the angle of the bicycle seat tube and a vertical 
line (perpendicular to the ground) passing through the pedal 
axle. The term body configuration refers to the posture of the 
cyclist as defined by the angles of the different body segments 
relative to each other. The term body orientation refers to the 
posture of the cyclist as defined by the angle of the cyclist's 
trunk relative to the ground. With these definitions in mind, a 
change in cycling body position typically results in a change in 
body configuration and in body orientation. But if the body 
orientation is kept constant (e.g., trunk perpendicular to the 
ground) with a change in body position, then only a change in 
body configuration will result. Similarly, if the body position 
is kept constant, a change in body orientation will result in an 
alteration in body configuration. However, a change in body 
configuration does not necessarily reflect a change in either 
body position or orientation. For example, a change in seat to 
pedal distance, by altering the seat height and/or changing the 
pedal crankarm length, will result in a different body 
configuration without altering the body position and/or 
orientation. On the other hand, the same body configuration can 
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be attained by appropriate manipulations of both body position 
and orientation. 
There are numerous variables that can affect the efficiency 
and energy expenditure required in cycling. These variables can 
be categorized as environmental factors (i.e., aerodynamic drag, 
rolling resistance) or biomechanical factors (i.e., seat to pedal 
distance, crankarm length, body position, and body 
configuration). A change in any of the biomechanical variables 
will alter the biomechanical interaction between the cyclist and 
cycle, which in turn, will alter the efficiency and/or energy 
requirement at different power outputs. A change in body 
position will not only alter the body configuration and mechanics 
involved in cycling, but also the amount of aerodynamic drag. 
One of the purposes of this investigation will be to 
systematically investigate the effect of different body positions 
and configurations on cycling performance as determined by total 
work output, efficiency, and energy expenditure. 
At speeds greater than 18 mi/hr (8.045 m/s), air resistance 
accounts for more than 80% of the total force acting to slow a 
human powered vehicle such as a standard bicycle (Gross, Kyle, & 
Malewicki, 1983). Because the force of aerodynamic drag 
increases as the square of the velocity, and the power necessary 
to drive an object through this resistance increases as the cube 
of the velocity (Faria & Cavanagh, 1978), it is logical to assume 
that any change to a vehicle which can alter its aerodynamic 
properties will enhance the performance of that vehicle given the 
same energy input. Changing the position and/or orientation of a 
rider on a bicycle from a standard upright one to some other body 
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position or orientation (i.e., recumbent, semi-recumbent, 
semi-prone, or prone) will decrease the frontal area exposed to 
air resistance (Gross et al., 1983). This, in turn, will 
decrease the affect of air resistance resulting in a decrease in 
the energy needed to power the vehicle at the same speed; and/or 
decrease the energy requirement needed to power the vehicle at a 
greater speed. If prone, semi-prone, semi-recumbent and 
recumbent bicycles are more aerodynamically effective than 
standard bicycles, the question arises as to why recumbent-type 
bicycles have not replaced standard upright seated bicycles, 
given that they have been in existence since 1895 (Whitt & 
Wilson, 1982). 
One possible contributing factor would appear to arise from 
the banning of aerodynamic devices and recumbent bicycles from 
racing competition by the Union Cycliste Internationale (the 
world governing body for bicycle racing). This ban was 
instituted ever since the first racing recumbent was used in 
1933, where a relatively unknown racing cyclist defeated the 
world champion in a 4 km pursuit race and broke track records 
that had been established on conventional bicycles (Whitt & 
Wilson, 1982). This has not only been a deterrent to the 
technological development of recumbent bicycles, but have also 
minimized the potential exposure and publicity recumbents could 
have received from competition in internationally televised 
sporting events such as the Olympics. 
Because it has been well documented that recumbent human 
powered land vehicles are more effective aerodynamically than 
standard human powered land vehicles (i.e., standard upright 
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seated bicycle) (Kyle, 1974, 1982; Kyle & Caiozzo, 1986; Kyle, 
Crawford, & Nadeau, 1973, 1974; Whitt & Wilson, 1982), the next 
logical step would be to determine the effectiveness of a human 
being in recumbent-type positions when compared to an upright 
seated position. In different investigations (Diaz, Hagen, 
Wright, & Horvath, 1978; Kyle & Caiozzo, 1986; Metz, Moeinzadeh, 
& White, in press; Metz, Moeinzadeh, White, & Groppel, 1986) 
cycling time to exhaustion, power output, and oxygen consumption 
were found to be greater in a standard cycling position than in 
non-upright positions. These data suggest that non-upright 
cycling positions are not as effective due to mechanical and 
physiological limitations. 
If non-upright cycling positions are less effective from a 
human performance perspective than the standard upright cycling 
position, the next question would be WHY? Why should a 
non-upright cycling position be functionally less effective? Is 
this difference attributed to the relative weight contribution of 
the lower limbs to the total force on the pedals by changes in 
body position, body configuration, and/or body orientation? 
Because non-upright cycling positions do place the legs in a 
different angle with respect to the line of gravity, it is 
possible that this may be a contributing factor to differences in 
performance. However, this would appear to be a minor factor 
because the weight contributed by one leg to the pedal on the 
downstroke would most likely be negated by the weight of the 
other leg resting passively on the pedal during the upstroke. 
This is supported by data indicating a net downward force on the 
pedals during the upward (recovery) stroke as well as during the 
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downward (power) stroke (Redfield & Hull, 1986; Soden & Adeyefa, 
1979). Changes in body orientation with respect to the ground 
(i.e., tilting or rotating the whole body) may also contribute to 
differences in cycling performance. 
Investigations involving different body orientations during 
cycling (Bevegard, Holmgren, & Jonsson, 1960, 1963; Granath, 
Jonsson, & Strandell, 1961, 1964; Kubicek & Gaul, 1977) revealed 
significant differences in physiological variables such as 
cardiac output, stroke volume, arteriovenous oxygen difference, 
and heart rate during submaximal and maximal workloads. However, 
it is unknown whether these reported differences are attributed 
to changes in body orientation, or to possible changes in body 
configuration resulting from manipulations of body orientations. 
The hip, knee, and ankle angles in different body orientations 
have not been reported in the available literature. 
Standardization of body orientation with respect to the 
ground (i.e., upper body maintained in an upright orientation 
regardless of how the body position is manipulated), while 
changing body position results in changes in body configuration 
(i.e., knee and hip angles). These changes in hip and/or knee 
angle will alter the kinematics involved in the cycling motion 
and will affect the body's ability to produce force. 
The effectiveness of force production by a muscle is 
dependent upon the interaction of muscle length at a particular 
joint angle and the mechanical advantage of the muscle in the 
lever moment arm system at that angle. For example, Nemeth and 
Ohlsen (1985) indicate that a change in hip flexion angle from 
anatomical position to 90 degrees will result in a decrease of 
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the gluteus maximus moment arm length from 82 to 33 ram (for men). 
This would suggest that a change in body position, from a 
standard upright one to a low sitting one (but maintaining the 
same upper body orientation with respect to the ground) would 
change the body configuration and thus affect the mechanical 
advantage of the gluteus maximus. With this initial change in 
hip flexion from the anatomical position, there will also be an 
increase in tension produced corresponding to the increase in 
muscle fiber length. When the change is beyond the muscle's 
normal resting length, there will be decreased force production 
capabilities as indicated in the muscle tension-length curve. 
The interaction of muscle length with muscle lever moment arm 
length is one factor which will dictate the amount of force or 
torque that can be produced (Pohtilla, 1969). The complexity 
increases when oLher muscle groups (including two-joint muscles) 
are also involved in these interactions. For instance, when a 
maximal isometric tension curve is plotted over the joint range 
of motion, single-joint muscles will display a specific 
characteristic force, curve (Kulig, Andrews, & Hay, 1984). 
Two-joint muscles, on the other hand, will not display a specific 
force curve; but will produce multiple force curves depending on 
the initial length of the muscle and/or the angle of the second 
joint. To illustrate with an example, if maximal isometric knee 
extension force were plotted over a full range of motion, a 
specific force curve will be obtained with the hip flexed at 90 
degrees. A different knee extension force curve would be 
obtained if the hip angle is changed. This would be attributed 
to the differences in force contribution by the rectus femoris 
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with changes in hip angle. Because the rectus femoris is a 
two-joint muscle (crosses both the hip and knee joint), any 
change in hip angle will alter the muscle length at the same 
knee angle tested, although the muscle moment arm length at 
the knee will remain the same. This has been demonstrated 
with isometric knee flexion torque of the bleep femoris when 
the muscle length was changed by varying the hip joint angle, 
but maintaining the knee angle at 30 degrees (Lunnen, Yack, & 
LeVeau, 1981). 
Cycling is a task that involves multi-joint muscles. It is 
reasonable to assume that changes in body position and/or body 
orientation, which alters the body configuration (i.e., the 
effective range of hip and/or knee angles) during the pedalling 
action, will affect muscle length, muscle moment arm length, and 
force production; which in turn, will affect cycling 
effectiveness and performance. It should be noted, however, that 
cycling is a dynamic task and requires dynamic measurements while 
force production capabilities at different joints angles are 
typically measured statically (Clarke, Elkins, Martin, & Wakin, 
1950; Nemeth, Ekholm, Arborelius, Harms-Ringdahl, & Schuldt, 
1983). The tension developed by a muscle will also vary with the 
speed of contraction (Elftman, 1966). This again suggests that 
direct comparisons between force production in dynamic situations 
and those measured in static situations may not always be 
appropriate or valid. This would also suggest that it may not be 
possible to adequately determine the effect of the tension-length 
curve and lever moment arm system of a joint in dynamic tasks. 
Cycling is not only a dynamic task, but one that involves changes 
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in pedalling frequency, workload, and power output making the 
direct quantitative mechanical and physiological contributions 
even more difficult to determine. 
Fortunately, the effects of the tension-length relations and 
muscle lever moment arm length on performance can be observed 
indirectly using performance variables (e.g., time to exhaustion, 
peak power, maximal velocity) and physiological variables (e.g., 
maximal oxygen consumption, energy expenditure, efficiency). 
More effective tension-length and muscle lever moment arm length 
interactions resulting from different body positions, 
orientations, and/or configurations should be reflected by lower 
oxygen consumption for any given submaximal workload. Because 
energy expenditure is determined, in part, from oxygen 
consumption (and efficiency is determined, in part, from energy 
expenditure), it is logical to expect lower energy expenditure 
and greater efficiency with lower oxygen consumption. On the 
assumption that the same maximal oxygen consumption can be 
attained with different body positions, orientations, and/or 
configurations; more effective musculo-skeletal interactions 
should result in a greater power output and changes in other 
observable measures of cycling performance (i.e., cycling time to 
exhaustion and total work output). 
Statement of the Problem 
It has been established that recumbent bicycles tend to be 
more effective aerodynamically than standard upright bicycles, 
but are possibly less effective from a human performance 
perspective (Kyle & Caiozzo, 1986). These differences in human 
performance may be attributed to joint angle changes (knee, hip) 
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resulting from changes in body configuration for different 
cycling positions and orientations. Different body 
configuration.;, resulting in joint angle changes, affect how 
muscle length in the tension-length curve interacts with the 
muscle lever moment arm length. Direct measurements of these 
interactions in a dynamic task has not been demonstrated in the 
literature, but indirect measurements using performance variables 
(e.g., duration, power output) do suggest less effective 
interactions in recumbent-type positions (Metz et al., in press, 
1986). While the data available are suggestive, there has not 
been any standardization in the different types of recumbent 
positions and orientations used, nor has there been any reports 
of whether various mechanical variables such as seat to pedal 
distance and crankarm length were controlled. For instance, Diaz 
et al. (1979) did not indicate whether the seat to pedal distance 
was standardized in both the upright and low sitting position or 
even what "low" in the low sitting position means. The only 
description given for the low sitting position was "a low sitting 
position with the torso upright and legs horizontally extended" 
(p. 214). Metz et al. (in press; 1986) did not indicate what the 
measured angles were for body configuration, position, or 
orientation when tested in the semi-recumbent bicycle and 
standard racing bicycle. Regarding standardization of seat to 
pedal distances, Metz et al. (in press) stated the distance from 
the pedal crank hub to the hip joint locater was 40 to 50 mm 
longer on the recumbent bicycle than on the standard one. 
Therefore, this lack of standardization creates confusion and 
presents difficulty when interpreting and comparing the results 
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of different investigations. Thus, it is unknown whether 
differences in performance between the standard upright position 
and recumbent-type positions are truly attributed to differences 
in body positions, orientations, and/or configurations; or are 
due to differences resulting from uncontrolled variables (e.g., 
seat to pedal distance, crankarm length, interaction of body 
configuration with orientation when the seating position is 
changed). 
One question that remains unanswered is how the interaction 
between the muscle length, and the tension-length curve, and the 
muscle lever moment arm length, for different body positions 
(joint angles), affect performance in a dynamic task such as 
cycling. Is a decrement in performance a result of inefficient 
interactions between the tension-length curve and muscle lever 
system resulting in lower force production, which in turn result 
in greater energy expenditure and effort? Because direct 
measurements of these interactions have not been demonstrated, it 
would be desirable to identify other variables that can be used 
to evaluate performance and possibly provide explanations as to 
the interactions occurring with different body positions. 
Physiological variables can be used to measure performance with 
different body configurations resulting from various changes of 
body positions and/or orientations, as well as reflect the 
interactions occurring within the musculo-skeletal system with 
changes in joint angles. It must be noted that the use of 
physiological variables will not provide information as to what 
the actual interactions are (or extent of the interactions) 
within the musculo-skeletal system; but rather only provide 
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information regarding the net effect resulting from these 
interactions. The major issue under investigation is whether 
there is a change in efficiency, energy expenditure, and/or total 
work output resulting from a change in body position, body 
configuration, and/or body orientation. 
Presently, there does not appear to be answers to these 
questions because physiological variables have not been examined 
as a function of systematic changes in body positions, 
configurations, or orientations. The thrust of previous 
investigations has focused on specific recumbent-type positions 
and exclusively on external performance variables (speed, 
duration, power output) without concern for the efficiency or 
effectiveness of energy produced internally within the human 
system. Therefore, the purpose of this investigation is to 
systematically determine, through the use of physiological 
variables, how changes in body position, body configuration, and 
body orientation will affect the energy expenditure, efficiency, 
and total work output in a dynamic cycling task. The information 
obtained should indirectly reflect the effects of the resulting 
interactions within the musculo-skeletal system. 
Significance of the Study 
The question of how different body positions, configurations, 
and orientations affect cycling performance from a human 
energetics perspective has never been adequately addressed. It 
is unknown as to the relative energy required to maintain a 
specified power output in different body configurations as a 
result of various body positions. It is also unknown as to how 
efficiency and energy expenditure will change with different 
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combinations of body positions and orientations. It has been 
reported that a greater cycling duration can be attained in a 
standard upright racing cycling position than in one particular 
recumbent-type position (Metz et al., in press, 1986). But it is 
unknown whether these results have been confounded by variables 
(e.g., upper body orientation, body configuration, seat to pedal 
distance) that have not been controlled, therefore causing 
differences in performance. 
The answers to the preceding statements are unknown because 
physiological variables are not often used, but are just as 
important (if not more so) in providing information and 
explanations about the state of the system. In living systems, 
it is very difficult (if not impossible) to completely segregate 
the interaction of physiological and biomechanical parameters. 
Body configuration alterations as a result of different 
recumbent-type positions and/or orientations will produce a 
change in biomechanical variables (muscle length, muscle moment 
arm lengths) that can be measured and recorded by changes in 
physiological variables. Therefore, it is important to examine 
performance from both perspectives to obtain a complete and more 
accurate description of interactions within a living system. 
The design of human-powered vehicles has focused exclusively 
on the aerodynamic properties of the vehicle with cyclist. With 
speeds of some human-powered vehicles, such as the Vector Single, 
exceeding 60 mph (96.6 km/hr) (Gross et al., 1983), it is obvious 
as to the importance of minimizing aerodynamic drag. But when 
the drag coefficient and effective frontal area have been reduced 
to 0.11 and 0.5 square feet, respectively, as in the Vector 
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Single (compared to 1.1 and 6.0 square feet, respectively for an 
standard upright bicycle) (Gross et al., 1983), it is 
questionable as to: (1) how much lower the aerodynamic drag can 
be reduced, and (2) how significant such changes would be. To 
further improve performance, it becomes necessary to focus on 
some aspect other than the aerodynamic properties. The most 
logical area to explore would be the human engine which powers 
the vehicle. To date, there have not been any scientific 
investigations which have systematically examined the body 
positions, configurations and orientations a cyclist should adopt 
to maximize performance. Also there has not been any logical 
rationale or empirical evidence as to why one position, 
configuration or orientation should be better than another or why 
a cyclist should be placed in recumbent-type positions except to 
minimize aerodynamic drag. This is an area which has been 
largely unexplored and greatly neglected. Therefore, it is an 
area that is in great need of research if the limits of 
performance in human-powered vehicles are to be achieved. 
The information obtained from this investigation will provide 
insights on how an individual might be positioned to maximize 
performance in cycling and possibly aid in the design and 
development of more effective human-powered vehicles. This 
would, in essence, allow design and production of an inexpensive 
and effective alternative to gasoline powered vehicles in times 
of energy crises. This would also provide information on how an 
individual should be positioned to maximize cycling performance, 
depending of course, on the performance criteria. 
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Hypotheses 
Changing from a standardized upright cycling body position to 
different recumbent-type body positions will alter both the body 
configuration and body orientation. If the upper body 
orientation is kept constant, any deviations from the upright 
cycling position to recumbent-type positions will result in 
changes in body configuration (i.e., greater hip flexion) which 
will alter the active muscle lengths and muscle moment arm 
lengths. Changes in body configuration in cycling can be 
accomplished by one or any combination of four methods: (1) 
manipulation of the body position; (2) manipulation of the body 
orientation; (3) manipulation of the seat to pedal distance; and 
(4) manipulation of the crankarm length. Manipulation of the 
body position (changing the seat tube angle with respect to some 
fixed reference frame) will alter both the body configuration and 
body orientation. But if a fixed body orientation is maintained 
(e.g., an upright orientation by rotating the seat so that the 
upper body is kept perpendicular to the ground when the seat tube 
is rotated about the pedal axis), then a change in body position 
will only alter the body configuration. Similarly, with any 
given body position (e.g., a fixed seat tube angle relative to a 
vertical line passing through the pedal axle and perpendicular to 
the ground), a change in body orientation will alter the body 
configuration. Manipulation of body position or body orientation 
will only alter the body configuration by changes in hip angle 
whereas manipulation of the seat to pedal distance and/or 
crankarm length will alter the body configuration by changing 
both the knee and hip angle during the cycling motion. Any 
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differences in performance through manipulation of the seat to 
pedal distance and/or crankarm length would then be masked by the 
interaction resulting from changes in both hip and knee angles. 
In other words, it would be impossible to attribute the changes 
to either hip angle, knee angle, or an interaction of both. 
Therefore, it would be desirable to only manipulate one joint 
angle (i.e., the hip angle) and fix the seat to pedal distance by 
raising or lowering the seat as necessary to maintain a selected 
seat to pedal distance. 
The lack of detailed investigations on recumbent-type 
positions presents difficulties in speculating as to what the 
most effective seating position should be or as to what effects 
different seating positions and/or orientations will have on body 
configuration and on cycling performance. Based on the available 
literature, it would appear that a standard upright cycling 
position and orientation is more effective from a performance 
standpoint than recumbent-type positions. It is then logical to 
assume that the measurement of physiological variables will also 
support the greater effectiveness of a standard upright cycling 
position, and that the greater the deviation from the standard 
upright position and orientation, the greater should be the 
decrement in cycling performance. Therefore, in this 
investigation, it is believed that any deviation in body position 
(seat tube angle) from the standard upright cycling position will 
result in increased energy expenditure, decreased efficiency, and 
lower total work output. It is also believed that with a given 
body position, any changes in body orientation that deviates from 
the upright body orientation will also result in greater energy 
I 
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expenditure, lower efficiency, and a lower total work output. 
Delimitations 
The following delimitations were assumed in the investigation: 
1. The study only included college age subjects who were 
recreational cyclists. 
2. All subjects were volunteers and included only males. 
3. All subjects wore shorts, t-shirts, and activity shoes during 
the test sessions. 
4. All subjects in each group were tested for all the different 
body conditions in that group. 
Limitations 
The following limitations were assumed in the investigation: 
1. Data for pedalling in the standard upright position may be 
affected by subject familiarity. 
2. Increments in metabolic processes and energy requirements not 
contributing to force production with increments in frictional 
load may affect the validity of the efficiency measure. 
3. The pedalling rate selected for different power outputs may 
not be optimal for the different body positions. 
4. The seat to pedal distance selected may not be optimal for all 
the different body positions and orientations. 
Definition of Terms 
The following terms have been defined in accordance with their 
particular use in this study: 
1. Net efficiency = external work accomplished / (aerobic energy 
expenditure - resting energy expenditure) 
x 100%. 
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2. Work efficiency = external work accomplished / (aerobic energy 
expenditure - energy expenditure during 
unloaded pedalling) x 100%. 
3. Maximal workload = the largest workload that can voluntarily 
be performed on a bicycle ergometer (1 hp = 746 W = 4562.42 
kpm/min). 
4. Total work output = the sum of the mechanical work completed 
at each workload and the fraction of work accomplished in the 
maximal workload prior to tect termination. 
5. Maximal aerobic energy expenditure = the aerobic energy 
expended, as determined by the oxygen consumed and carbon 
dioxide produced using the non-protein respiratory quotient 
(R.Q.). 
6. Body position: the location of the cyclist relative to the 
pedal axle of the bicycle and is defined by the angle of the 
bicycle seat tube and a vertical line (perpendicular to the 
ground) passing through the pedal axle (Appendix A). 
7. Body configuration: the posture of the cyclist as defined by 
the angles of the different body segments (e.g., trunk, 
thigh, leg, foot) relative to each other. (Note: in this 
dissertation, body configuration will be determined by the 
mean hip angle during one pedal cycle) (Appendix A). 
8. Body orientation: the posture of the cyclist as defined by 
the angle formed between the cyclists' trunk and a horizontal 
line parallel to the ground. (Note: in this dissertation, 
the body orientation will be determined by the angle formed 
between the seat-backrest and a horizontal line parallel to 
the ground) (Appendix A). 
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9. Standard upright position: an upright sitting position with 
a 26 degree angle formed by the seat tube and a vertical line 
passing through the pedal axle (Hugh-Jones, 1947b). 
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II. REVIEW OF LITERATURE 
Cycling is a task which not only involves multi-joint muscles, 
but multiple joints as well. The primary actions used in force 
production during cycling are hip extension, knee extension, and 
plantar flexion. The plantar flexion involvement varies with the 
seat to pedal distance and foot position (Ericson, Nisei! & 
Nemeth, 1988). Hip extension would appear to be the more complex 
of the three actions because a greater number of muscles, 
multi-joint muscles, and muscle joint interactions are involved. 
With this greater complexity, manipulation of various factors 
(body orientation, body position, seat to pedal distance, 
crankarm length) will affect the various muscle and moment arm 
length interactions of the hip joint to a greater extent than 
that of the knee or ankle joint. This, in turn, will also affect 
to a greater extent, the efficiency, energy expenditure, and work 
output involved in different cycling positions. This would 
suggest that the hip joint angle is an important variable to 
consider when examining cycling performance. The following areas 
are reviewed as they relate to the problems of this study: (1) 
muscle force production; (2) physiological responses when cycling 
in different body positions and orientations; (3) seat to pedal 
distance; (4) factors affecting energy expenditure; and (5) 
efficiency. 
Muscle Force Production 
The amount of force which a limb can generate is affected by 
a host of factors. Some of these include: (1) population 
studied (age, sex, body type); (2) psychological factors (i.e., 
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motivation); (3) physiological factors (muscle fiber type, 
cross-sectional area, motor unit involvement, motor unit 
recruitment pattern, state of muscle fatigue); (4) biomechanical 
factors (joint angle, angle of insertion, fiber arrangement, 
muscle length, muscle moment arm length, type of muscle-bone 
lever, joint range of motion, number of rotational degrees of 
freedom); and (5) exercise conditions - type of muscular 
contraction, speed of contraction, number of involved joints, 
configurations of uninvolved joints, direction of gravitational 
force relative to the body orientation, types of external 
constraints, present number of degrees of freedom for the 
exercise studied (Kulig et al., 1984). 
To examine all of these variables and their interactions 
resulting in force production would be an extremely formidable, 
if not impossible task. To simplify this matter, assume the task 
to be examined will involve one joint (hip joint), one movement 
(extension), maximal isometric tension at various angles, and 
only certain biomechanical variables which can be manipulated 
(muscle length, muscle moment arm length). The total force 
(torque) which can be developed at any one joint angle will be 
dependent on the sum of the contribution by each muscle or muscle 
group. The force (torque) generated by each muscle will be 
dependent on its cross-sectional area (Williams & Stutzman, 1959) 
and its muscle length interacting with the muscle moment arm 
length (Pohtilla, 1969). Note that at different joint angles, 
the initial muscle length and moment arm length may be different 
and may not vary proportionately with similar changes in joint 
angle. For example, Lunnen et al. (1981) state the bleep femoris 
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length does not change in a linear fashion with the angle of hip 
flexion. There is even greater complexity in muscle force 
production when multi-joint muscles are involved (such as the 
hamstrings in hip extension and knee flexion) because the muscle 
length will now also be dependent on the angle of a different 
joint (i.e., knee). With these variables in mind, it would be 
possible to determine and validate what the resulting force would 
be and how the tension-length curve interacts with the muscle 
moment arm length if all the necessary information is available. 
What this would entail is information of how, for each muscle, 
over the entire hip range of motion: (1) the moment arm length 
changes; (2) the muscle length changes; (3) the muscle length 
changes with changes in knee angles; and (4) how the 
tension-length curve interacts with changes in moment arm length 
to produce a force curve with hip extension. This would also 
include information on how each muscle contributes absolutely and 
relatively to the total tension at different hip angles and knee 
angles. Unfortunately, a great deal of this information is 
lacking. 
Regarding hip extension, the primary muscles involved in this 
action are the gluteus maximus, hamstrings (semimembranosus, 
semitendonosus, bleep femoris) and the adductor magnus. Nemeth 
and Ohlsen (1985) have determined the change in muscle moment arm 
length of different hip extensors from the anatomical position to 
90 degrees of hip flexion. Pohtilla (1969), similarly, reported 
muscle moment arm length changes from hip angles ranging from 105 
to 165 degrees. But what is unknown are the hip extensor 
moment arm lengths at hip angles less than 90 degrees. At hip 
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angles less than 90 degrees, it is also unknown as to: (1) the 
muscle length of the different hip extensors; (2) the relative 
contribution of the prime movers and assistant muscles to hip 
extension; and (3) how the muscle length in the tension-length 
curve interacts with changes in moment arm length. Throughout 
the hip range of motion, maximal isometric hip extension forces 
have been determined only from hip angles ranging from 50 to 170 
degrees (Clarke et al., 1950). There does not appear to be any 
information regarding hip extension forces at hip angles less 
than 50 degrees or what the smallest possible hip angle may be. 
Muscle length. One factor which determines the amount of 
force that a muscle can produce is its length (Elftman, 1966). 
The muscle length can be manipulated by a change in one or more 
joint angles. For example, the hamstrings is a muscle group 
which crosses both the hip and knee joint. In this case, the 
muscle length can be altered by a change in hip angle, knee 
angle, or both. If hip extension force is to be measured, a 
change in hip angle will alter both the muscle length and muscle 
moment arm length of the hamstrings, whereas a change in knee 
angle will only alter the muscle length. If the muscle moment 
arm length of the hamstrings is controlled for (by maintaining a 
fixed hip angle), the force which the hamstrings can produce will 
be dependent on the muscle length (knee angle). 
It is unknown as to what the tension-length curve for the 
hamstrings would be with changes in knee angle (muscle length). 
It may be speculated that with a constant moment arm length (hip 
angle), changing knee angles would produce a tension-length curve 
which resembles that of an inverted U. But this may not 
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necessarily be true because Nemeth et al. (1983) reported that 
changes in knee angles (0 to 90 degrees) did not affect hip 
extensor strength at hip angles of 90, 120, 150, or 180 degrees. 
Similarly, Waters, Perry, McDaniels, and House (1974) reported 
hip extension torque, with the hip flexed at 90 degrees, to be 
almost identical regardless of whether the knee was flexed at 90 
degrees or extended. But at hip angles of 135, 165, and 180 
degrees, the torque was reduced by 18%, 15%, and 12% 
respectively, when the knee was flexed. These results may have 
been confounded by other hip extensors since the hamstrings were 
stated to contribute only about one-third of the total measured 
extensor torque. 
Contrary to the study by Nemeth et al. (1983), Williams and 
Stutzman (1959) in comparisons of knee flexion force with the hip 
flexed and with the hip extended, found the force-angle curves 
not only to be different in magnitude but also in shape. This 
would suggest that changes in muscle length (by changing only one 
of the joint angles of a two-joint muscle) may not affect force 
production equally in both joints. This may be attributed to 
non-linear changes in muscle length with changes in joint angle 
as had been reported by Lunnen et al. (1981). 
Muscle moment arm length. The muscle moment arm length is 
another factor which will affect the torque produced by a muscle. 
The muscle moment arm length, like muscle length, can be altered 
by changes in joint angle. Depending on the muscle or muscle 
groups examined, changes in joint angles may not necessarily 
result in the same change in moment arm length or result in the 
same moment arm length for any given joint angle. Again, using 
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the hip joint as an example, the muscles which are primarily 
involved in hip extension include the gluteus maximus, bleep 
femoris, semitendinosus, semimembranosus, and adductor magnus 
(Nemeth & Ohlsen, 1985; Pohtilla, 1969). Other muscles which 
also assist in hip flexion and often referred to as accessory or 
assistant muscles are the adductor longus, adductor brevis, and 
gracilis (Pohtilla, 1969). 
Nemeth and Ohlsen (1985), reported non-linear changes in 
moment arm length with changes in hip angles from 90 to 180 
degrees. The gluteus maximus moment-arm length was reported to 
average 81 ram (for men) at a hip angle of 175 degrees and 
decrease with increasing hip flexion to 33 mm at a hip angle of 
90 degrees. On the other hand, the adductor magnus was reported 
to increase in moment arm length from 15 to 62 mm corresponding 
to a hip angle from 175 to 105 degrees and then decrease to 61 ram 
with increasing hip flexion. Similarly, the hamstrings were 
shown to increase in moment-arm length from 66 mm at 175 degrees 
to a maximum of 80 mm at 145 degrees and then decrease with 
increasing hip flexion to 48 mm at 90 degrees. These results 
support those reported by Pohtilla (1969) on hip angles ranging 
from 105 to 165 degrees and would suggest that depending on the 
hip angle, some muscles would have a more advantageous moment arm 
length than others. It is unknown as to what is the hip angle 
which would optimize all the individual moment arm lengths, 
resulting in one maximal resultant moment arm length. It is also 
unknown as to how the moment arm lengths will change with hip 
angles less than 90 degrees. Extrapolations of the available 
data of Nemeth and Ohlsen (1985) and Pohtilla (1969) would 
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suggest that the muscle moment arm lengths of the hip extensors 
would continue to decrease with increasing hip flexion. This 
would imply decreasing mechanical advantage of the hip extensors 
with hip angles less than 90 degrees. This may be one possible 
explanation as to why recumbent-type cycling positions, which 
constrains the cyclist to pedal in what may be a less 
mechanically efficient position, are less effective from a human 
performance perspective than in a standard upright position. 
Muscle length versus moment &m length. At any given joint 
angle, the torque produced by a muscle is dependent on the 
interaction between the muscle's moment arm length and its muscle 
length. It is uncertain as to whether muscle length or muscle 
moment arm length has the greater effect on torque production, 
although Williams and Stutzman (1959) believe muscle length to be 
more important. The resultant torque measured is the sum of all 
the individual torques produced at that joint angle. This is the 
torque or force generally reported in the literature. 
Unfortunately this isometric torque or tension at different joint 
angles does not reveal any information regarding the interactions 
between the different muscle lengths and their corresponding 
moment arm lengths. It also does not reveal any information 
regarding the relative and/or absolute force contribution of the 
primary muscles and assistant muscles involved in a particular 
joint action. 
Using the hip joint and the muscles involved in hip extension 
as an example, it has been determined that the absolute isometric 
force of hip extension will increase with increasing hip flexion 
(Clarke et al., 1950; Nemeth et al., 1983; Pohtilla, 1969). 
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Nemeth et al. (1983) indicate that the extension strength at a 
hip angle of 90 degrees is almost twice that at an angle of 180 
degrees. Clarke et al. (1950), plotting isometric hip extension 
force with changes in hip angles from 50 to 170 degrees, reported 
greater hip extension force with greater hip flexion (with the 
largest force recorded at a hip angle of 50 degrees). Similar 
trends were found by Pohtilla (1969) over hip angles from 105 to 
165 degrees. But Hugh-Jones (1947a), using different 
combinations of hip angles (41 to 105 degrees) with various 
combinations of knee angles (67 to 169 degrees) reported the 
maximal force which could be exerted on a foot-pedal in a seated 
position to occur with a hip and knee angle of 75 and 160 
degrees, respectively. The difference in results when compared 
to those of other investigations may be attributed to the use of 
a different task by Hugh-Jones (1947a) and/or to the interactions 
between the hip and knee. 
It is unknown if a continued increase in hip flexion will 
result in a continued increment in hip extension force or at what 
point will further increments in hip flexion result in a 
decrement in tension production. One may assume that when the 
hip is flexed from the anatomical position, there will be an 
initial increment in hip extension force produced. This would be 
attributed to an increment in moment arm length of the hamstrings 
and adductor magnus (Nemeth & Ohlsen, 1985; Pohtilla, 1969) 
interacting with a greater muscle length. With increasing hip 
flexion, at hip angles less than 105 degrees, there will be a 
decrement in moment arm length of all the primary hip extensors 
(gluteus maximus, hamstrings, adductor magnus) (Nemeth & Ohlsen, 
1985; Pohtilla, 1969) interacting with a continued elongation of 
the hip extensors. According to the tension-length curve, there 
has to be some point where further lengthening of the muscle will 
stretch it beyond its normal resting length. Beyond this point 
(hip angle), there will be a reduction in the maximal number of 
actin-myosin crossbridges which can be formed, therefore 
resulting in lower force production. This in turn, interacting 
with decreased hip extensor moment arm lengths, should result in 
an overall lower measured torque. The hip angle at which this wou 
occur is unknown. There are several possible explanations for 
this. They are: (1) hip extension forces have not been tested at 
hip angles less than 40 degrees; and/or (2) the critical hip 
angle, beyond which will result in less efficient interactions 
between the primary hip extensors and its corresponding moment 
arm lengths, are masked by the contribution of other muscles. 
These assistant muscles include the gracilis, adductor brevis, 
and adductor longus (Pohtilla, 1969). With increasing hip 
flexion from a hip angle of 165 degree to that of 105 degrees, 
the assistant muscles contribute from 8.5% to 29.5% of the total 
hip extensor torque, respectively (Pohtilla, 1969). This would 
suggest that the resultant torque measured does not provide an 
accurate description of what may be occurring internally within 
the musculo-skeletal system or how the muscle may be interacting 
with other muscle moment arm lengths at different joint angles. 
Although the relative contribution by the total torque by the 
primary hip extensors are reported to decrease with increasing 
hip flexion, it would appear that the absolute torque 
contribution does not necessarily decrease. The absolute torque 
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of the hamstrings and adductor magnus were reported to increase 
with hip flexion until a hip angle of 120 degrees, beyond which 
hip angles less than 120 degrees resulted in a decrement in the 
absolute torque contribution (Pohtilla, 1969). This would 
suggest that the largest isometric forces by the primary hip 
extensors would occur at a hip angle of about 120 degrees. 
The difficulty of using data obtained isometrically is its 
lack of applicability to dynamic situations. The tension-length 
curve and data obtained statically is not necessarily valid or 
appropriate when applied to dynamic tasks (Elftman, 1966). The 
joint angle of peak isometric torque may not be the same when 
movement is involved. Depending on the velocity of limb movment, 
the peak torque may occur at different joint angles for different 
speeds of movement. This complexity is increased when dynamic 
movement involves multiple joints and multi-joint muscles, 
because interactions will occur between the joints resulting in 
energy transfer from one joint to another (Elftman, 1966). For 
instance, with two-joint muscles and movements of both joints, 
Elftman (1966) indicated that there is an energy transfer from 
one joint to another by tendon action. This would make recorded 
data more difficult to interpret, as would be the case with 
cycling, since cycling is a dynamic activity involving multiple 
joints and multi-joint muscles. 
From the muscle length and muscle moment arm length 
interaction perspective, it is apparent that a great deal of 
complexity is involved when attempting to determine the cycling 
effectiveness of different body positions and orientations. 
Isometric torque curves do not provide adequate information as to 
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the effectiveness of the muscle length and moment arm length 
interactions when applied to dynamic tasks. Physiological 
measurements, on the other, can indirectly provide information as 
to the effectiveness of the muscle and moment arm length 
interactions in different cycling positions. Less effective 
positions and/or interactions would result in greater oxygen 
consumption, energy expenditure, lower efficiency values, and a 
lower maximal work output. It is, therefore, desirable to 
examine the physiological responses of cycling in different body 
positions and orientations which result in different body 
configurations and muscle length - moment arm length 
interactions. 
Physiological Responses in Different Positions and Orientations 
There is a plethora of literature which involves a 
discussion of how performance (as determined by maximal velocity) 
in human powered vehicles can be Improved by altering the cycling 
body position into a more aerodynamically effective one (Boor, 
1981; Kirshner, 1985; Kyle, 1974, 1981, 1982; Kyle, Crawford, & 
Nadeau, 1973, 1974; Kyle & Edelman, 1975; Malewicki, 1984; 
Martin, 1979; Nonweiler, 1956, 1957). However, most of the 
literature investigating human physiological responses while 
cycling in different body positions have involved only body 
orientation in the upright and supine (e.g., Bevegard, Holgrem, & 
Jonsson, 1960, 1963; Bishop, Donald, Taylor, & Wormald, 1956; 
Convertino, Goldwater, & Sandler, 1984; Gumming, 1972; Dickhuth, 
Simon, Heiss, Lehman, Wybitual, & Keul, 1981; Ekelund, 1966, 
1967a, 1967b; Galbo & Pauley, 1974; Gullbring, Holmgren, 
Sjostrand, & Strandell, 1960; Holmgren, Jonsson, & Sjostrand, 
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1960; Holmgren, Mossfeldt, Sjostrand, & Strom, 1960; Kubicek & 
Gaul, 1977; Reeves, Grover, Filley, & Blount, 1961; Timmons, 
1981). Very few studies have investigated these responses in 
other body positions or orientations (Diaz, Hagan, Wright, & 
Horvath, 1978; Faria, Dix, & Frazer, 1978; Montgomery, Titlow, & 
Johnson, 1978) and only Metz et al. (in press; 1986) have 
investigated physical cycling performance in a semi-recumbent 
position. No literature could be found which investigated 
cycling performance with changes in body configuration or as a 
result of changes in body position and/or body orientation. 
Upright orientation versus supine orientation. Of the 
studies investigating physiological responses in the upright and 
supine body orientation, it has been reported that a greater 
maximal work output and maximal oxygen consumption can be 
obtained when cycling in an standard upright orientation. 
Kubicek and Gaul (1977) indicate that the maximal work load 
obtained was higher in the sitting than in the supine 
orientation, although the differences were not statistically 
significant. Astrand and Rodahl (1977) state that "in maximal 
work on a bicycle ergometer in the supine position, the oxygen 
uptake is only about 85% of the value obtained in the sitting 
position" (p. 305). This would suggest that an upright 
orientation may allow a greater work output to be accomplished as 
well as eliciting a larger maximal oxygen consumption. 
At submaximal workloads there appears to be conflicting 
evidence as to whether oxygen consumption values are smaller when 
pedalling in the supine orientation or are similar in both the 
supine and upright orientation. Bevegard et al. (1960) and 
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Bevegard, Freychuss and Strandell (1966) have reported the oxygen 
consumption to be very similar and statistically non-significant 
at submaximal workloads in comparisons between supine and upright 
cycling orientations. Convertino et al. (1984) indicate that 
although the oxygen consumption at steady state for a submaximal 
workload was similar for both the supine and upright orientation 
(1.66 L/min and 1.65 L/rain, respectively), the supine oxygen 
consumption values during the initial 3 minutes of exercise and 
total exercise oxygen consumption was significantly smaller (p < 
.05) when compared to the upright orientation. Timmons (1981) 
found significantly lower oxygen consumption (p < .01) values for 
submaximal workloads (200, 400, 600, and 800 kpm) in the supine 
orientation when compared to the upright orientation. These 
differences were stated to be quite small (mean difference of 
5.4% or 76 mL/min between the two orientations which amounted to 
less than 1 mL/kg/min. On the other hand, Granath, Jonsson, and 
Strandell (1964) reported a submaximal workload corresponding to 
84% and 67% of the maximal working intensity for the supine and 
sitting orientation, respectively. To add to the confusion, 
Bevegard et al. (1963) reported significantly lower (p < .05) 
oxygen consumption values for a submaximal workload at 800 kpm in 
the supine orientation, but no significant differences (p > .05) 
at a submaximal workload of 1600 kpm when compared to the upright 
orientation. 
Similar difficulties exist when attempting to compare cycling 
efficiency between supine and upright body orientations. 
Bevegard et al. (1960) and Convertino et al. (1984) reported no 
significant differences in efficiency between the supine and 
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upright orientations. However, physiological baselines were not 
considered by Convertino et al. (1984) in the efficiency 
calculations. Bevegard et al. (1963) accounting for 
physiological baselines, found cycling efficiency to be 
significantly greater in the supine orientation (25.3% vs. 23.8% 
in the upright) at a submaximal workload of 800 kpm/min, but not 
significantly greater at 1600 kpm/min (24.6% in the supine to 
24.4% in the sitting orientation). Based on the evidence 
reported in the literature regarding oxygen consumption in the 
supine and upright position, it may be assumed that body 
orientation will have an effect on work output, energy 
expenditure, and efficiency. Therefore, body orientation is a 
factor which should be controlled for when manipulating body 
position. 
Upright orientation versus prone orientation. Faria et al. 
(1978), in a comparison between a top bar and drop bar cycling 
posture, reported the maximal oxygen uptake for the drop bar 
posture to be greater (both in L/min and mL/kg/min) than that 
attained for the top bar posture (p < .05 and p < .01, 
respectively). It should be noted that the term position is used 
by Faria et al. (1978) instead of posture. But to avoid 
confusion, and to be consistent with the terms defined in this 
dissertation, posture will be used instead. A top bar posture is 
described by Faria et al. (1978) as sitting semi-upright on the 
saddle with the hands resting on the uppermost portion of the 
handlebars, while a drop bar posture is described as sitting in 
the saddle while assuming a deep forward lean, with the hands 
resting on the drop portion of the turned-down handlebars. (It 
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should be noted that this deep forward lean in the dropped bar 
posture can be assumed to place the torso in a prone or 
semi-prone position.) The drop bar posture was also reported to 
have a significantly greater (1.2 times greater, p < .05) maximal 
work output (in kpm and kpm/kg body weight) than the top bar 
posture, although the maximal heart rate for both postures were 
not significantly different. It is interesting to note that 
Faria et al. (1978) indicated that the oxygen uptake at a 
physical work capacity with a heart rate of 170 beats/min 
represented 84% of the maximum oxygen uptake (mL/kg/min) for both 
cycling postures although the absolute values were significantly 
greater (7% greater with p < .01) for the drop bar posture. This 
would suggest that for the two different riding postures, the 
absolute energy expenditure may be different for submaximal 
workloads, whereas the relative energy expended may be the same. 
These differences were believed to be attributed to: (1) the 
activity of a larger muscle mass (greater use of the arm, 
shoulder girdle, and lower back muscles) in the drop bar posture; 
and (2) the greater forward body lean angle in the drop bar 
posture which appears to relieve the weight of the arms and 
shoulder girdle from the thorax. This reduced weight plus the 
suspended chest is believed to ease chest expansion, thereby 
enhancing pulmonary ventilation potential and possibly decreasing 
the energy requirement for respiration (Faria et al., 1978). It 
is unknown as to whether the greater lean in the drop bar posture 
altered the hip angle and placed the working muscles and muscle 
moment arm length in a more mechanically advantageous position to 
produce force when compared to the top bar posture. This study 
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by Faria et al. (1978) would suggest that different body 
orientations will result in different maximal work output and 
possibly energy expenditures (depending on how energy expenditure 
is calculated). However, whether greater maximal work is 
accomplished and/or greater maximal energy expenditure is 
expended in a non-standard upright position appears to be 
dependent on whether the body is orientated forward or backward 
of this standard position. 
It should be indicated that with different body orientations, 
the lowest absolute oxygen consumption or energy expenditure for 
a submaximal workload, may not necessarily be reflective of 
cycling performance. Regarding absolute and relative energy 
expenditure for any given body orientation, the absolute energy 
expenditure is defined by the oxygen consumption needed to 
accomplish a given workload. The relative energy expenditure for 
a submaximal workload is defined as a percentage of maximal 
oxygen consumption. The most effective body orientation will be 
the one which elicits the lowest absolute energy expenditure for 
any given workload. The minimal absolute and minimal relative 
energy expenditure for a submaximal workload may not necessary be 
in the same cycling orientation. The absolute energy expenditure 
differs from the relative energy expenditure in that for a 
submaximal workload, the least energy expended (absolute) for one 
body orientation may be at a higher relative percentage of 
maximal oxygen consumption when compared to a different 
orientation. The possibility of different minimum absolute and 
relative energy expenditures would suggest that, depending on 
one's purpose or goal, the least amount of energy expended 
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(absolute) for a given workload may not necessarily be desirable 
because it may be eliciting a larger percentage (relative) of 
one's maximum. This minimum absolute and/or relative energy 
expenditure also may not be reflective of cycling net efficiency 
because the minimum relative energy expenditure is affected by the 
maximal value of oxygen consumption (upper boundary), whereas net 
efficiency is affected by a metabolic baseline value (lower 
boundary). 
Upright position versus other positions. The physiological 
responses when comparing cycling in an upright position to other 
positions, would appear to be in favour of the upright position. 
Diaz et al. (1978) reported significantly greater (p < .05) 
maximal oxygen consumption in an upright position (3.68 L/rain or 
49.8 mL/kg/min) when compared to a low sitting position (3.32 
L/min or 44.7 mL/kg/min). A low-sitting position is described by 
Diaz et al. (1978) to be a cycling position where the torso is 
upright and the legs horizontally extended. This indicates that 
greater maximal work output was achieved in an upright position 
because there is a direct relationship between maximal oxygen 
consumption and maximal work output. Oxygen consumption at 
submaximal workloads of 360 and 720 kpm/min was found to be 
similar in both the low sitting position (14.7 and 24.7 
mL/kg/min) and in the upright position (14.6 and 25.7 mL/kg/min). 
However, for each submaximal workload, the relative oxygen 
consumption (relative to the maximal value of each position) was 
found to be greater for the low sitting position (33% and 55% vs. 
30% and 52% for the upright position). Despite these differences 
in relative oxygen consumption, Diaz et al. (1978) found similar 
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efficiencies between the two sitting positions for each 
submaximal workload. This would suggest that the upper 
boundaries of performance (as measured by maximal oxygen 
consumption or maximal work output) may be different for 
different body positions, whereas the lower boundaries (as 
determined by efficiency) may be similar. However, Diaz et al. 
(1978) did not report whether physiological baselines were 
accounted for in the efficiency calculations. The seat to pedal 
distances and cycling range of hip and knee angles for the 
different seating positions were also not reported. This study 
by Diaz et al. (1978) suggests that there are similar increments 
in energy expenditure with increasing workload, but different 
maximal work output, maximal energy expenditure, and possibly 
efficiencies between the upright and low sitting positions. 
A similar investigation had been done by Hugh-Jones (1947b) 
on the efficiency of bicycle pedalling. It involved moving a 
bicycle seat, with an added backrest, into seven different 
positions around the arc of a circle whose center was the pedal 
axle. Submaximal oxygen consumption values plotted with 
different positions did not reveal any particular trends. But 
Hugh-Jones (1947b) did indicate that two positions (cycling in 
the normal saddle position and in a seat with the backrest at 63 
degrees) resulted in lower oxygen consumption values than the 
other positions, although they were not significantly different 
from each other. The contribution of the leg weight and use of 
the backrest were given as explanations for the lower oxygen 
consumption values found in the normal saddle position and the 
seat with the 63 degree backrest, respectively. The lack of any 
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trends in oxygen consumption and non-significance with different 
seating positions may have been attributed to the large variances 
associated with small sample sizes (in this case, n = 2) and/or 
not having accounted for possible differences in physiological 
baselines of the different positions. Actual efficiency 
calculations were not made, and comparisons of energy 
expenditures and seat to pedal distances were not reported. 
In a comparison between an upright racing position and a 
semi-recumbent position, Metz et al. (in press, 1986) found 
cycling performance to be superior in the upright position. Metz 
et al. (in press, 1986), investigating the leg motion during 
standard and semi-recumbent bicycle pedalling, reported that 
cycling time to exhaustion in a semi-recumbent position was 
consistently 4 to 5 rain less than that on a standard racing 
bicycle when tested using a wind load simulator. The test 
protocol was reported to consist of a riding regimen similar to 
that used by the U.S. National Team for fitness trials, with a 
complete test lasting about 16 rain. In comparing equivalent 
workloads and power outputs at successive levels, it was 
determined that the subject tested (an elite cyclist) was unable 
to maintain the required power output or tolerate the equivalent 
workload for the same duration on a semi-recumbent bicycle when 
compared to a standard racing bicycle. It was speculated that 
experienced cyclists may have developed certain coordination 
patterns or motor programs which allow them to be more 
effective and efficient on standard bicycles. This could account 
for the differences in performance times although Metz et al. (in 
press, 1986) had indicated that the rider was given ample 
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opportunity to practice on the semi-recumbent bicycle. Because 
physiological data (oxygen consumption, heartrate, etc.) were not 
collected, it would be difficult to ascertain whether differences 
in performance between the two cycling positions were attributed 
to differences in efficiency, oxygen consumption, absolute, 
and/or relative energy expenditure, or some other parameter. It 
can be assumed that differences in performance (based on visual 
observations of the reported cycling positions) were most likely 
attributed to differences in the muscle length and muscle moment 
arm length interactions by virtue of the two different 
configurations. 
There is a question of whether a change in body position 
and/or orientation altering the leg weight contribution to the 
force applied on the pedal, would affect the physiological 
response to cycling performance. Montgomery et al. (1978), in 
comparing the maximal oxygen consumptions between an upright 
seated position and a stand-up position, reported no significant 
differences between positions. No evidence was given whether 
submaximal workloads elicited similar or different oxygen 
consumption values. Non-significant maximal oxygen uptake between 
the two positions would indicate that the weight of the leg in 
contributing to cycling work performance may not be very 
important. If the leg weight was a significant factor in 
affecting the maximal workload attained and the energy expended, 
one would assume that a stand-up position would enable a cyclist 
to shift his body weight more from side to side. This should 
allow a greater contribution of the body weight to the total 
force on the pedals, which in turn, should reduce the metabolic 
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demands on the body. 
In the different investigations involving and comparing 
different body positions and orientations, there were no reports 
of the body configurations involved or standardization of the 
seat to pedal distance. Without such standardizations, it 
becomes very difficult to compare not only the results of 
different investigations but also the results between different 
cycling positions within the same investigation. A review of the 
literature regarding seat to pedal distance would suggest that an 
optimal seat to pedal distance does exist for aerobic and 
anaerobic work on a bicycle. 
Seat to Pedal Distance 
The effectiveness of force production on a bicycle is 
affected by many factors. One of these factors is the seat to 
pedal distance. Alteration of the seat to pedal distance would 
not only alter joint angles but also muscle lengths and muscle 
moment arm lengths, thereby changing the kinematics of cycling. 
This has been demonstrated using thigh-knee angle diagrams from a 
simulation output with seat heights at 36.4 and 38 in.) (92.456 
and 96.52 cm), respectively (Nordeen & Cavanagh, 1976). This, 
in turn, would likely change the force output of a muscle. 
Whether the resulting force will be greater or lower will depend 
upon the muscle position in the tension-length curve. The change 
in joint angle may or may not place the muscle lever moment arm 
system in a more mechanically advantageous/disadvantageous 
position to exert force. The resultant muscle force and its 
effectiveness will be based upon the interaction of the position 
of the muscle in the tension-length curve and the position in the 
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muscle lever moment arm system of the new joint angle. 
Therefore, with changes in body position and body orientation, 
there must be corresponding changes in the seat to pedal distance 
if comparisons regarding cycling effectiveness in similar body 
configurations are to be made. 
The optimal seat height for a bicycle with an upright seating 
position was determined by Thomas (1967a, 1967c) to be 109% of 
the medial aspect of the inside leg from the floor to the 
symphysis pubis. This seat to pedal distance was measured from 
the pedal spindle to the top of the seat along a straight line 
formed by the crank, seat tube, and seat post. This measurement 
was found to be accurate with 80% of all individuals tested 
(Thomas, 1967b) and most efficient for tasks requiring anaerobic 
work of high intensity for short durations (Hamley & Thomas, 
1967; Thomas, 1967c). Any other position greater cr less than 
this value was found to be less efficient and metabolically more 
costly. On the other hand, Shennum and deVries (1976) found the 
most efficient seat to pedal distance for tasks requiring aerobic 
work to be 105% to 108% of the inside leg from the floor to the 
symphysis pubis although they suggest the use of a saddle height 
of approximatey 108% to 109% of symphysis pubis-to-floor distance 
(based on their oxygen consumption data together with the data by 
Thomas (1967c) and Hamley and Thomas (1967) on power output). 
The data by Shennum and deVries (1976) appears to be supported 
by: (1) Nordeen (1976) and Nordeen-Snyder (1977), who indicated 
the most efficient seat to pedal distance for aerobic work to be 
107.1%; and (2) Gregor, Green, and Garhammer (1981), who 
indicated that of the 10 elite male cyclists investigated in his 
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study, the average saddle height was found to be 106% of pubic 
symphysis height. It should be noted that the data reported by 
Shennum and deVries (1976), Nordeen (1976) and Nordeen-Snyder 
(1977), were converted to values which allowed for comparisons 
with other investigations. 
The investigation by Shennum and deVries (1976) defined leg 
length as the measured distance from the ischium to the floor. 
Using a fully articulated skeleton in the erect position, Shennum 
and deVries (1976) reported a nearly 5% lower value with their 
ischium-to-floor method when compared to the Thomas (1967a, 
1967b, 1967c) symphysis-to-floor technique. Therefore, Shennum 
and deVries (1976) indicated that to compare their data with 
those of Thomas (1967c) and Hamley and Thomas (1967), it was 
necessary to add approximately 5% to their leg length measures. 
The investigation by Nordeen-Snyder (1977) used seats heights of 
95%, 100%, and 105% of trochanteric leg length. Nordeen (1976) 
indicated the calculated saddle height was divided by the 
subject's symphysis pubis height to obtain values which could be 
compared to those of Hamley and Thomas (1967). Therefore, the 
95%, 100%, and 105% of trochanteric leg length (Nordeen-Snyder, 
1977) corresponded to 101.7%, 107.1%, and 112.1% of symphysis 
pubis height as calculated by Hamley and Thomas (1967). 
The seat to pedal distance of 100% trochanteric leg length 
which minimizes oxygen consumption, as reported by Nordeen (1976) 
and Nordeen-Snyder (1977) appear to be different than the 
trochanteric leg length percentage of the Hodges study 
(Borysewicz, 1985). Borysewicz (1985) stated that Hodges, in 
April of 1982 at the Olympic Training Center, found the optimal 
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seat to pedal distance which minimized oxygen consumption to be 
96% of trochanteric leg length. Eleven male cyclists were tested 
on their own bicycles at 10 different seat to pedal distances 
(ranging from 92% to 100% of trochanteric leg length). 
Borysewicz (1985) indicated that an ergometer-like device was 
attached to each cyclists' bicycle and a hydraulic seat post 
constructed by Hodges allowed manipulation of the resistance and 
the seat height during each test session. The test protocol 
required each cyclist to complete two 45 minute session at 80% of 
their maximum oxygen consumption. During each session, the 
cyclists' saddle was randomly raised or lowered 5-6 times every 
6-8 minutes to different torchanteric leg length percentages. 
Borysewicz (1985) stated the minimal and maximal oxygen 
consumption values with the same workload was found by Hodges to 
occur at saddle heights of 96% and 100% of trochanteric leg 
length, respectively. Because the Hodges study, as reported by 
Borysewicz (1985) does not appear to be published, it is 
difficult to determine why there are differences in optimal 
percentages of trochanteric leg length and what these differences 
are attributed to, when compared to the values reported by 
Nordeen-Snyder (1977). 
In a comparison of lower limb electromyographic activity 
between two seat heights (105% vs. 95% of pubic symphysis height) 
for national level male cyclists, Despires (1974) reported no 
significant differences in muscle activity. Similarly, Houtz and 
Fischer (1954) state that varying the height of the bicycle seat 
from 21 in. (53.34 cm) to 24 in. (60.96 cm) does not affect, in 
general, the timing of muscle activity; although the exercise is 
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performed with less effort at 24 in. (60.96 cm). It should be 
noted that in using two specified seat height for all subjects, 
Houtz and Fischer (1959) did not account for individual 
differences in lower limb lengths. 
The literature suggests that for a standard upright cycling 
position, optimal seat to pedal distances exist, depending on 
whether it is aerobic or anaerobic work. There is insufficient 
information to determine whether a similar optimal (or range of 
optimal) seat to pedal distance(s) exists for different body 
positions. It is logical to assume that for each different body 
position, there is at least one seat to pedal distance which will 
maximize performance. Whether it will be the same for all 
positions is unknown. 
Factors Affecting Energy Expenditure 
With a standization of seat to pedal distance and systematic 
manipulation of body position, configuration, and orientation, a 
number of significant variables can be accounted for and 
controlled. It now becomes possible to compare and contrast the 
effects different body positions, configurations, and 
orientations have on the muscle length and moment arm 
interactions during cycling. The results of these effects, as 
measured by physiological variables (efficiency, energy 
expenditure, work output) can be confounded by the methodology 
(test protocol) used for data collection. For instance, during 
cycling there are various factors which can affect the amount of 
energy expended, thus affecting efficiency and the maximal and 
total amount of work that can be accomplished. Some of these 
factors involve manipulation of the bicycle and cyclist (i.e., 
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changes in seat to pedal distance, crankarm length, body 
position, body configuration, body orientation) and have been 
discussed in preceeding sections. Other factors involve the task 
to be performed. This includes selection of workload, pedalling 
frequency, and power output. Similar to the selection of seat to 
pedal distance, there appears to be some optimal pedalling 
frequency for different workloads which would minimize energy 
expenditure for some power output (Cavanagh & Kram, 1985b). The 
number of investigations involving manipulation of these 
variables are quite large and varied. 
Some investigators have examined the effect of altering 
workload and power output on energy expenditure while maintaining 
a constant pedalling frequency (Coast & Welch, 1985; Gaesser & 
Brooks, 1975; Gollnick, Piehl, & Saltin, 1974; Hagberg, Giese, & 
Schneider, 1978; Henry & DeMoor, 1950; Hugh-Jones, 1947b). Other 
investigators have examined the effect of altering pedalling 
frequency on energy expenditure while maintaining: (1) a 
constant resistance (Benedict & Cathcart, 1913; Dickinson, 1929; 
Girandola & Henry, 1976); (2) the frictional load and while 
keeping the total work constant (Croisant, 1975); or (3) 
the same power output by simultaneously changing the workload (Faria, 
Sjojaard, & Bonde-Petersen, 1982; Mckay & Banister, 1976, Michielli 
& Stricevic, 1977; Moffatt & Stamford, 1978, Stamford, 1973). 
Still, others have examined the effect of different pedalling 
frequencies on energy expenditure while working at a certain 
percentage of maximum oxygen uptake (Cafarelli, 1978; Gueli & 
Shephard, 1976; Hagberg, Giese, & Mullin, 1975; Hagberg, Mullin, 
Giese, & Spitznagel, 1981; Jordan & Merrill, 1979; Lollgen, Graham 
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& Sjogaard, 1980; Merrill & White, 1984; Patterson & Pearson, 1983), 
or altering both the pedalling frequency and power output 
(Banister & Jackson 1967; Boning, Gonen, & Maassen, 1984; 
Croisant, 1979; Croisant & Boileau, 1984; Hagberg, Giese, & 
Mullin, 1975; Knuttgen, Bonde-Peterson, & Klasusen, 1971; Pugh, 
1974; Seabury, Adams, & Raraey, 1975, 1977). Manipulations of the 
pedalling rate, frictional load, power output, and/or total work 
accomplished can affect the amount of energy expended for a given 
cycling task. 
The optimal pedalling rate to minimize energy expenditure and 
maximize efficiency is believed by many investigators to vary 
with the workload selected. Croisant and Boileau (1984) indicate 
that there is a significant interaction between workload and 
pedalling frequency; and with an increase in workload and power 
output, a non-linear increase in the optimal pedalling rate is 
required to minimize energy expenditure. Croisant (1979) states 
the relation between workload and pedalling frequency is fairly 
linear between the loads of 1 and 3 kp for rates of 20, 40, 60, 
and 80 rpm, but is more sharply curvilinear above 3 kp and below 
1 kp. This is supported by Boning et al. (1984), who reported 
non-linear relations with pedalling frequencies and stated that 
the lowest oxygen uptake and the highest efficiency shifted to 
higher pedalling frequencies with increasing workload. However, 
it would appear that increasing the pedalling frequency without 
increasing the workload may increase the relative energy expended 
rather than decrease it. It would also appear that depending on 
the workload selected, an increase in pedalling frequency 
accompanied by a corresponding decrease in frictional resistance 
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(to maintain an equivalent power output) will result in: (1) a 
significant increase in oxygen consumption at moderate power 
outputs (i.e., 800 kgm/rain); and (2) a significant decrease in 
oxygen consumption at high power outputs (i.e., 1800 kgm/min) 
(Faria et al., 1982). This suggests that there is a definite 
interaction between pedalling frequency, power output, and energy 
expenditure, and that there is a most efficient pedalling rate 
for different power outputs. 
This was confirmed by Seabury et al. (1977). Seabury et al. 
(1977) found that: (1) a most efficient pedalling rate exists 
for each power output studied; (2) the most efficient pedalling 
rate increases with power output; (3) the increase in energy 
expenditure when pedalling slower than optimal is greater at high 
power outputs than at low power outputs; and (4) the increase in 
energy expenditure when pedalling faster than optimal is greater 
at low power outputs than at high power outputs. Contrary to the 
data reported by Seabury et al. (1977), Hagberg et al. (1981) 
stated that if the cyclist is unsure of his optimal pedalling 
rate, a pedalling speed that is less than the optimal level is 
more efficient than one that is above. It is unknown whether 
these differences were attributed to the use of a different 
subject population, the test protocol, or both because 
competitive cyclists were used by Hagberg et al. (1981) and 
testing involved riding their own racing bicycles on a treadmill. 
It is difficult to determine, for different body positions, 
whether optimal pedalling frequencies reported in the literature 
for different workloads and power outputs are also appropriate 
for non-standard upright cycling positions. Based on the 
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available information, it is logical to assume that optimal 
pedalling frequencies do exist for different power outputs which 
would maximize efficiency and minimize energy expenditure for 
both submaximal and maximal workloads in non-standard upright 
cycling positions. But because the joint angles, muscle lengths, 
and muscle moment arm lengths will be different with different 
body positions, it is unknown as to whether reported optimal 
pedalling frequencies are also optimal for non-standard upright 
cycling positions. 
Selecting a test protocol which maximizes work output and 
minimizes energy expenditure should, in essence, also maximize 
efficiency because efficiency is determined, in part, from the 
energy expended. With different body positions, this would be 
true if a constant body orientation is maintained. But if the 
body orientation is manipulated, even with the same body 
configuration, efficiency would appear to be lower in an upright 
cycling position, depending on what workload is being used and 
how efficiency is defined and/or calculated (Bevegard et al., 
1963). 
Efficiency 
Efficiency is a term defined differently in various 
disciplines and by different investigators. Efficiency can be 
defined as the ratio of effective work to the energy expended in 
producing this work (i.e., the work accomplished divided by the 
energy expended to do the work). Efficiency, as in muscular 
efficiency or gross efficiency, is defined by Stainbsy, Gladden, 
Barclay, and Wilson (1980) as the ratio of the mechanical work to 
the metabolic energy expended. Work can be specifically defined 
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as the product of a force and the displacement through which it 
acts (Work = force x displacement). With this definition in 
mind, work would still be considered to be accomplished even when 
cycling without any resistance. The literature which involves 
efficiency in cycling will often define work as mechanical work 
and only consider work to be done if there is some resistance 
(workload) which can be measured by the setting on the bicycle 
ergometer. 
It has been argued that gross efficiency is not an 
appropriate measure of efficiency because more actual work is 
always done to perform a given task than the mechanical work 
which is measured by an ergometer (Gaesser & Brooks, 1975). For 
example, a subject sitting on a stationary bicycle ergometer will 
be expending a certain amount of energy. A subject pedalling a 
unloaded bicycle will be expending still greater amounts of 
energy without doing mechanical work which can be recorded on the 
ergometer. This has been attributed to frictional resistance in 
the ergometer transmission, chain and bearings; and have been 
reported to vary from 9% (Croisant & Boileau, 1984) to 14% (Daly 
& Cavanagh, 1976) greater than the work setting. Hesser, 
Linnarsson, and Bjurstedt (1977) state that one-third of the 
oxygen cost of loadless pedalling is attributed to the work of 
overcoming elastic and viscous resistance, while the remaining 
part attributed to the work of antagonistic muscle contraction in 
the moving legs. Sargent and Davis (1977) calculated the 
frictional resistance in the bicycle transmission from force 
measurements of the cranks to be approximately 70 kpm/min. 
Therefore, Gaesser and Brooks (1975) suggest the establishment of 
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a physiological baseline with the use of net efficiency, work 
efficiency, and delta efficiency as measures of efficiency. 
Net efficiency is defined as the ratio of mechanical 
work accomplished to the energy expended above that at rest: 
Net efficiency = W / (E - e) x 100%. (1) 
Work efficiency is defined as the ratio of mechanical work 
accomplished to the energy expended above that in cycling without 
a load: 
Work efficiency = W / [ E(l) - E(ul) ] x 100%. (2) 
Delta efficiency is defined as the ratio between the change of 
two workloads accomplished to the energy expended: 
Delta efficiency = (delta W / delta E) x 100% (3) 
(where: 
W = caloric equivalent of external work performed; 
E = gross caloric output, including resting metabolism; 
e = resting caloric output; 
E(l) = caloric output of loaded cycling; 
E(ul) = caloric output of unloaded cycling; 
delta W = caloric equivalent of increment in work 
performed above that at a previous work rate; 
delta E = increment in caloric output above that at 
previous work rate) (Gaesser & Brooks, 1975). 
Some investigators (Stainbsy et al., 1980; Stuart, Howley, 
Gladden, & Cox, 1981; Wilkie, 1974) contend that the use of a 
physiological baseline is invalid with changing workloads, 
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because this baseline would change with alterations in workload 
or exercise conditions. Some examples of changes cited by 
Stainbsy et al. (1980) include: (1) attenuation of 
gastrointestinal processes with increasing work rate; (2) 
increased splanchnic metabolism with work; (3) mean body 
temperature increases during exercise which would then increase 
metabolic rate; (4) increased energy use by the lungs for 
ventilation; (5) increased levels of catecholamines released into 
the blood and tissue as the exercise intensity increases; and (5) 
increased lactate turnover, which requires additional energy 
expenditure. One further objection to the use of physiological 
baselines includes the difficulty of obtaining similar baseline 
measures for activities which do not involve cycling as a form of 
ergometry (i.e., treadmill running) (Cavanagh & Kram, 1985a). 
There are also investigators who contend that none of the 
efficiency measurements are valid. Hesser et al. (1977) state 
that none of the current definitions of efficiency yields the 
true efficiency of muscular contraction in cycle ergometry; with 
the net efficiency calculation resulting in estimates which are 
too low; work and delta calculations overestimating values in the 
low intensity work range, and in underestimating values in the 
high-intensity range. Wilkie (1974) argued that to truly estimate 
efficiency such as that of the working muscle, one would have to 
exclude all other processes other than those directly involved in 
the actual task. 
It would appear that definite controversies exist in the 
literature regarding whether physiological baselines should or 
should not used. However, certain conditions and situations may 
53 
arise which would warrant their use. One circumstance may involve 
test conditions where usage of physiological baselines would 
eliminate experimental bias (e.g., cycling in different body 
positions and orientations vs. cycling in the upright position 
and orientation). Diaz et al. (1978) indicated that similar 
efficiencies were found between an upright position and a low 
sitting position at submaximal workloads in cycling. However, 
physiological baselines were not accounted for in the efficiency 
calculation. Whether efficiencies would have been significantly 
different if physiological baselines were used is unknown. One 
may speculate that a low sitting position, with the legs 
elevated, would facilitate blood flow and venous return to the 
heart at rest and during exercise. This, in turn, may reduce the 
oxygen and energy requirements at rest and thus alter the 
efficiency values. 
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III. EXPERIMENT 1 
It has been established that recumbent bicycles are more 
effective aerodynamically, and in general, faster than the 
standard upright bicycle. However, the preponderance of evidence 
based on performance variables (e.g., cycling duration, maximal 
work output) would seem to suggest the standard upright cycling 
position to be more effective from a human performance 
perspective. The question of WHY the standard upright position 
is better from a human performance perspective has never been 
adequately answered. Explanations for these differences in human 
performance with changes in cycling position have varied from 
differences in physiological parameters to those involving 
biomechanical variables. Changes in body orientation have been 
demonstrated to affect blood flow and distribution (cardiac 
output, stroke volume, heart rate, arteriovenous oxygen 
difference) to the working muscles whereas different body 
configurations resulting from changes in body position and/or 
orientation may result in less effective interactions between the 
different muscle lengths and muscle moment arm lengths. 
Therefore, the purpose of this investigation is to systematically 
determine the effect of different body positions, configurations, 
and orientations on the effectiveness of cycling as determined by 
energy expenditure, efficiency, and total work output. 
Methods 
Manipulation of body position will alter both the cycling 
body orientation and configuration. Without controlling for body 
orientation and/or body configuration, it would be. impossible to 
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determine what the differences in performance resulting from 
changes in body position are attributed to. In other words, are 
performance differences attributed to changes in body 
orientation, body configuration, or both? Experiment 1 is 
designed to systematically investigate the effects of five 
different body positions (seat tube angle) and body 
configurations (hip angle changes resulting from different body 
positions) on cycling performance while maintaining an upright 
orientation (torso perpendicular to the ground). An upright body 
orientation has been selected so that comparisons can be made 
with the standard upright cycling position. Controlling for body 
orientation eliminates the confounding effect of various 
physiological variables (i.e., cardiac output, stroke volume, 
heart rate, arteriovenous oxygen difference) on cycling 
performance. Therefore, differences in cycling performance will 
be attributed to differences in body configuration (in this 
experiment, hip angle) and the resulting interactions within the 
musculo-skeletal system. Less effective interactions will result 
in greater energy expenditure for any given workload, and 
therefore lower efficiency values. 
Subjects. The subjects used for this experiment were 16 
healthy male college age volunteers who cycled recreationally. 
Before participation in this investigation, each potential 
subject was required to sign a consent form indicating their 
voluntary participation (Appendix B). Each subject also 
indicated on a pre-study survey their activity level, types of 
activities regularly engaged in, and any possible 
contraindications to their participation in this investigation 
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(Appendix C). 
Apparatus. A standard Monark bicycle ergometer with 
toe clips was used in this investigation. The seat was removed 
and a steel frame constructed onto the ergometer. The frame was 
designed with two telescoping tubes which allowed for changes in 
seat to pedal distances every one-half inch (1.27 cm) or 
three-quarters of an inch (1.905 cm). The frame allowed the seat 
to be tilted, adjusted, and to be rigidly fixed in any desired 
body position on the arc of a circle with its center of rotation 
corresponding to that of the pedal axle. This frame was also 
constructed to carry a saddle with a backrest which could be 
rotated forward or backward on its axis to accommodate any desired 
body orientation with respect to the ground (Figure 1). Handles 
were attached just below the seat, providing the subject with hand 
support for different positions and orientations. 
An open circuit gas exchange system was used to collect data 
in this investigation and included a: 5300 Pneumoscan 
spirometer, CD-3A Carbon Dixoide Analyzer, S-3AI Oxygen Analyzer, 
and a Model 46 TUC Tele-Thermometer. These instruments were 
connected on-line to an IBM-PC computer with 256 kilobytes of 
random access memory using a Tecmar 12 bit analog to digital 
input, a Tecmar 1st mate real time clock, and a monochrome 
display (Figure 1). For each workload during the test session, a 
Sony video camera and Betamax videotape system were used to 
obtain a side view visual record of the pedalling motion. 
Procedures. The first test session was used to obtain 
voluntary consent of participation (consent form) and to 
familiarize the subjects with the study and test protocol. 
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mumtfi-^j^. 
apparatus and bicycle ergometer 
open circuit gas exchange system 
Figure 1. Cycling apparatus and equipment 
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During this session physical characteristics of the subjects and 
other descriptive measures were recorded. Age (birthdate), sex, 
height, weight, total leg length (trochanter height - distance 
from the head of the greater trochanter of the femur to the 
ground measured while the subject is standing barefeet with the 
knees extended), lower leg length (shank length - distance from 
the center of rotation of the knee to the lateral malleolus), 
upper leg length (thigh length - distance from the head of the 
greater trochanter of the femur to the center of rotation of the 
knee), and symphysis pubis height (determined from the symphysis 
pubis to the floor along the medial aspect of the leg) were 
recorded. Seven leg circumferences were measured: (1) the 
gluteal furrow; (2) one-third of the subischial height up from 
the tibial-femoral joint space (maximum thigh circumference); (3) 
the minimum circumference above the knee; (4) the maximum 
circumference around the knee joint space; (5) the minimum 
circumference below the knee; (6) the maximum calf circumference; 
and (7) the minimum ankle circumference (Jones & Pearson, 1969). 
All measurements were taken on the right leg with the subject 
standing erect with feet slightly apart. All readings were made 
with the tape applied perpendicular to the long axis of the bone. 
In addition to the circumference measurements, the height above 
the floor of each circumference was determined as well as the 
length of the foot recorded (Katch, Micheal Jr., & Amuchie, 
1973). A subject profile was also developed regarding history of 
injuries, illnesses, or other medical problems and disorders. 
With each successive test sessions, prior to collection of 
data: (1) the bicycle ergometer was calibrated as was the gas 
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analyzers; (2) body seating position and seat to pedal distance 
was adjusted; and (3) barometric pressure and wet and dry bulb 
temperatures were measured and recorded. The wet and dry bulb 
temperatures were determined using a motor driven psychrometer. 
Subjects were asked to complete a form indicating their physical 
activity (or activities which may affect the data to be 
collected) 24 hours prior to the current test session as well as 
their present perceived physical status (Appendix 0). All 
subjects wore a t-shirt, shorts, and activity shoes when tested. 
Five different body positions were tested in this 
investigation. The body positions tested were defined by the 
angle formed between the seat tube and a vertical line (Appendix 
A). The five body positions as measured by this angle were: 0, 
25, 50, 75, and 100 degrees (Figure 2). On this basis, the 
normal cycling seat position (which is the standard upright 
cycling position) has an angle of 26 degrees (Hugh-Jones, 1947b). 
For each body position, the seat was rotated to maintain an 
upright body orientation with respect to the ground. In 
addition, for each body position, the seat to pedal distance was 
adjusted so that the seat to pedal distance remained 100% (or to 
the closest one-half to three-quarters of an inch, depending on 
which telescoping tube was used) (1.27 to 1.905 cm) of the total 
leg length (as measured from the greater trochanter of the femur 
of the right leg to the ground) for each subject. The seat to 
pedal distance was measured from the position of the greater 
trochanter, when the subject was seated on the saddle, to the 
pedal position which was of the greatest distance from the seat. 
For each position, the minimum and maximum hip, knee and ankle 
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0 
degrees 
25 
degrees 
50 
degrees 
75 
degrees 
100 
degrees 
Figure 2. Experiment 1: Body positions 
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angles were measured and recorded for one pedal cycle. The 
crankarm length was standardized and 17.5 cm (6.9 in.) in length. 
All subjects were tested in each of the five different body 
positions. The order in which the body positions were tested by 
each subject was randomly selected. Each subject was required to 
complete five maximal cycling tasks (one for each body position) 
plus one additional maximal test at a randomly assigned body 
position (Appendix E). This sixth test was used to aid in the 
determination of subject variability and test-retest reliability. 
There were a minimum of 48 hr rest between each maximal test. In 
Experiment 1, seven total sessions were required of each subject: 
one pre-test session, five test sessions, and a retest at one of 
the five body positions (randomly selected). 
The subject to be tested was strapped to the apparatus at the 
hip and at the trunk for each condition. Pedal toe-clips were 
worn and used for all conditions tested. Heartrate and gas 
samples were obtained in each test position for a 5 min rest 
interval. Heartrate was determined with a stethoscope over a 10 
second interval during the last minute of the 5 minute rest 
interval. The subject was then asked to pedal at a frequency of 
60 rpra (as determined by a metronome) with zero load for 3 rain. 
During the 3 min of unloaded pedalling, heart rate was monitored 
and recorded as well as a breath by breath analysis of the gas 
samples. This same procedure was then repeated with the subject 
pedalling at 70, 75, and 80 rpm, respectively. The different 
conditions of unloaded pedalling were needed to determine the 
type of efficiency measure to be used in the data analysis. It 
had been suggested that pedalling with no load on the ergometer 
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before the exercise also prepares the subject to deliver oxygen 
more rapidly to the muscles (Maillard & Gautier, 1981). 
After collection of initial baseline data, the subject was 
asked to pedal for 3 min at a frequency of 60 rpm with a 
frictional load of 1 kp, resulting in a power output of 360 
kpm/min. After 3 min, the workload was Increased and continually 
increased after each successive 3 min duration, according to a 
pre-determined test protocol (Table 1) until the subject was 
unable to fulfill the task requirements or until the subject 
indicated an inability to continue and wished to stop. At this 
point, the frictional load was reduced, and to expedite recovery, 
the subject was asked to continue to pedal until sufficiently 
recovered. This test protocol was selected to minimize the 
amount of energy expended at each workload as well as to maximize 
the work output (Croisant, 1979; Croisant & Boileau, 1984). 
After test termination, the cycling duration was determined from 
the videotape record and the maximal workload and total work 
output calculated. 
The maximal workload was determined by one of two methods. 
In the first method the test was terminated when the subject 
indicated an inability to continue on to the next workload or an 
inability to complete the current workload. In this case the 
maximal workload was recorded as the incompleted workload, with 
the time of termination noted. In the second method, maximal 
workload (and time of test termination) was determined to be the 
load where the subject was unable to maintain the prescribed 
pedalling frequency for that workload. In either case, the 
subject was strongly encouraged to complete the workload if 
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Table 1 
Bicycle Ergometer Test Protocol 
Brake Load Pedal Rate Time Work Rate 
(kp) (rpm) (min) (kpm/min) (watts) (hp) 
1 
2 
3 
3 
3.5 
4 
4.5 
4.5 
5 
5 
5.5 
60 
60 
60 
70 
70 
70 
70 
75 
75 
80 
80 
3 
6 
9 
12 
15 
18 
21 
24 
27 
30 
33 
360 
720 
1080 
1260 
1470 
1680 
1890 
2025 
2250 
2400 
2640 
58.9 
117.7 
176.6 
206.0 
240.4 
274.7 
309.0 
331.0 
367.9 
392.4 
431.0 
.089 
.158 
.237 
.276 
.322 
.368 
.414 
.444 
.493 
.526 
.579 
Note: 1. Work Rate (power) = Brake Load x Pedal Rate 
2. 1 HP = 746 watts = 4562.4 kpm/min 
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possible, or continue for as long as possible with the prescribed 
pedalling frequency until completion of the workload. The total 
work output was determined by the summation of the work 
accomplished at each workload until termination of the test. 
During each test session heartrate was monitored and recorded for 
a 10 second interval during the last minute of each workload and 
for a 10 second interval prior to test termination. After 
completion of each test session, a printout averaging each 
completed 30 s interval of the test and pre-test was obtained of 
the samples of expired air analyzed for fractions of oxygen and 
carbon dioxide, as well as kilocalories expended. 
Data Analysis. An ANOVA was used to determine if 
significant differences existed in energy expenditure when at 
rest and during unloaded cycling at 60, 70, 75, and 80 rpm. If 
none existed, net efficiency (ratio of mechanical work 
accomplished to the energy expended above that at rest) would be 
used in the data analysis, otherwise work efficiency (ratio of 
mechanical work accomplished to the energy expended above that in 
cycling without a load) would be more appropriate. 
The data was analyzed with repeated measure MANOVAs to 
determine: (1) whether there are significant differences in 
total work output with different body positions; (2) whether 
there are significant differences in the maximal energy expended 
with different body positions; and (3) whether there are 
significant differences in efficiency with different body 
positions. Trend analysis was used to determine how efficiency, 
energy expenditure and total work output changed with changes in 
body position. Post-hoc comparisons using multiple comparison 
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tests by Dunnett was undertaken to determine whether the largest 
performance value of one body position/configuration was 
significantly greater than those of the other body 
positions/configurations. In addition, paired t-tests and zero 
order correlations were used to compare the performance of the 
body position randomly selected in the last test session of 
Experiment 1 with its corresponding body position test session. 
This was used to determine reliability and whether a training 
effect occurred due to repeated maximal work capacity tests. 
Results 
This section includes the results and analyses of the 
following variables: (1) energy expenditure; (2) efficiency; and 
(3) total work output. This section also includes: (1) a profile 
and description of the characteristics of each subject in 
Experiment 1; (2) a description of the changes in body 
configuration with systematic changes in body position; (3) 
results of correlations and t-tests; and (4) a description of how 
certain physiological and performance variables (maximal 
heartrate, oxygen consumption, cycling duration) changed with body 
position/configuration. 
Subject profile and characteristics. In Table 2, physical 
characteristics and other descriptive measures of each subject 
are given. It should be noted that although 16 subjects were 
used in this experiment, performance data (maximal energy 
expenditure, efficiency and total work output) for subject number 
four in the zero degree seat tube angle were unattainable. Due 
to structural constraints of the apparatus and bicycle ergometer 
in the zero degree seat tube angle, subject number four 
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voluntarily terminated the test after baseline values of energy 
expenditure at rest and at each of the different unloaded 
pedalling cadences were obtained. Therefore, some of the 
statistical analyses were determined with only 15 subjects. 
Changes in body position and. configuration. In Experiment 1, 
a systematic change in body position resulted in changes in hip 
angles. As can be observed from Table 3, increments of seat tube 
angle corresponded to mean hip angles of 130.9, 113.4, 100.0, 
76.8, and 59.9 degrees, respectively. Although there, is a 
decrease in the mean, minimum, and maximum hip angles with 
successive increments in seat tube angle, the range of motion 
angles of the hip were similar (Figure 3). These mean ranges of 
motion of the hip in different body positions and configurations 
are similar to those reported by Ericson et al. (1988). Ericson 
et al. (1988) reported mean hip range of motion during normal 
cycling to be 38 degrees with a range of 32-70 degrees. The 
results from the present experiment indicates that the 
manipulation of body position and configuration did not alter the 
hip angle range and that differences in performance between the 
five body positions/configurations are not attributable to this 
factor. 
Recorded in Table 4 are the changes in the mean, minimum, 
maximum, and range of knee angles with changes in seat tube 
angles. Based upon observations of Table 4 and Figure 4, the 
mean, minimum, maximum, and range of motion angles of the knee 
are similar for the different body positions. This would suggest 
that the seat to pedal distance for the subjects in the various 
body positions was reasonably well controlled. It would appear 
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Table 2 
Experiment 1: Subject Profile and Characteristics 
Ss Birthdate Age Weight Height Leg length (cm) 
(m/d/y) (yrs) (kg) (cm) total upper lower 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
03/08/57 
10/09/52 
10/29/63 
12/05/64 
02/08/62 
12/08/65 
12/28/57 
09/13/61 
04/17/58 
09/14/61 
01/27/54 
05/04/58 
05/19/65 
08/21/61 
01/12/62 
03/29/63 
29 
35 
22 
21 
24 
20 
28 
24 
28 
24 
32 
28 
21 
25 
24 
23 
65.1 
77.5 
76.4 
70.8 
78.8 
67.6 
66.5 
61.9 
78.6 
67.5 
83.1 
70.6 
79.3 
70.1 
67.5 
80.1 
166.0 
171.8 
176.5 
168.5 
174.6 
166.7 
178.5 
172.0 
181.5 
171.1 
187.8 
172.9 
181.2 
170.5 
174.7 
180.8 
82.5 
84.7 
86.4 
88.2 
90.3 
84.8 
85.4 
92.1 
89.1 
85.9 
97.0 
85.0 
97.2 
87.3 
88.4 
90.5 
40.5 
41.6 
45.8 
42.2 
49.7 
44.6 
45.3 
51.6 
47.8 
44.2 
52.5 
45.6 
51.2 
44.8 
45.3 
38.5 
42.0 
43.1 
40.6 
39.5 
40.6 
40.2 
40.1 
40.5 
41.3 
41.7 
44.5 
39.4 
46.0 
42.5 
43.1 
52.0 
Mean 25.4 72.6 174.7 88.46 45.70 42.3 
SD 4.0 6.4 6.0 4.2 4.0 3.1 
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Table 3 
Hip Angle at Different Seat Tube Angles 
Seat Tube Angle (deg) 
25 50 75 100 
Mean Hip Angle (deg) 
Mean 
SD 
Minimum 
Maximum 
Minimum Hip Angle 
Mean 
SD 
Minimum 
Maximum 
Maximum Hip Angle 
Mean 
SD 
Minimum 
Maximum 
(deg) 
(deg) 
Hip Angle Range (deg) 
Mean 
SD 
Minimum 
Maximum 
130.9 
5.3 
120 
138.5 
112.2 
5.6 
99 
125 
149.6 
5.6 
141 
157 
37.4 
6.8 
25 
49 
113.4 
3.7 
107 
119 
94 
4.2 
85 
101 
132.8 
4.5 
126 
141 
38.8 
4.6 
32 
47 
100.0 
5.5 
89.5 
109 
81 
5.9 
66 
90 
119.1 
7.8 
108 
135 
38.1 
8.5 
23 
57 
76.8 
4.4 
68 
85 
56.5 
4.5 
46 
62 
97.1 
6.8 
85 
110 
40.6 
7.5 
23 
54 
59.9 
4.9 
53.5 
73.5 
37.6 
5.4 
29 
46 
82.2 
5.9 
75 
101 
44.6 
5.7 
37 
55 
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that the mean knee angle in the 50, 75, and 100 degree seat tube 
conditions is very similar with a mean value of 103-104 degrees. 
The angles for the knee range of motion (mean, minimum, and 
maximum) in the different seating positions are consistent with 
values reported by Ericson et al. (1988). Ericson et al. (1988) 
reported the mean knee angle range of motion to be 66 degrees, 
ranging from 46-112 degrees of knee flexion. 
The mean, minimum, maximum, and range of ankle angles with 
different seat tube angles are presented in Table 5 and Figure 5. 
Except for the ankle angle in the zero degree seat tube angle, 
all the other ankle angles are very similar. The greater ankle 
angle in the zero degree seating position can be explained by the 
fact that this is the only position where the subject is not 
seated behind the pedal crankarm center of rotation. To cycle in 
this position during the recovery phase, greater hip extension 
must occur in conjunction with knee flexion, thereby placing 
greater tension on the rectus femoris. To alleviate these 
effects it appears that compensation is made at the ankle joint. 
To establish a reference frame that could be used as a 
standard for comparative purposes, the joint angles of a 
competitive cyclist in a racing posture were measured. The 
minimum and maximum hip, knee and ankle angles were measured. 
From these values, the range of motion and mean angles of the 
hip, knee, and ankle were determined. For the hip, the mean, 
minimum, maximum, and range of motion angles were found to be 74, 
52, 96, and 44 degrees, respectively. For the knee, the mean, 
minimum, maximum, and range of motion angles were found to be 95, 
60, 130, and 70 degrees, respectively. For the ankle, the mean, 
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minimum, maximum, and range of motion angles were found to be 82, 
68, 96, and 28 degrees, respectively. It is interesting to note 
that the body position in the 75 degree seat tube angle (Table 3) 
has the mean, minimum, and maximum hip angle values (76.8 56.5, 
and 97.1 degrees, respectively) that most closely resembles those 
in the competitive cycling positions; whereas the body position 
in the 0 degree seat tube angle (Table 4) has the mean, minimum, 
and maximum knee angle values (95.5, 62.7, and 128.3 degrees, 
respectively) most closely resembling those in the competitive 
cycling position. However, except for the maximum ankle angle, 
the mean and maximum ankle angles in the competitive cycling 
posture were a minimum of one standard deviation away from the 
ankle angle values of all the body positions tested. The 
similarities between the hip angles in the 75 degree seat tube 
angle and that in a competitive cycling posture would suggest 
that competitive cyclists may already be adopting a near optimal 
hip angle configuration. This would also suggest that 
differences in cycling performance between upright orientation 
and supine orientations as reported in the literature, may be 
attributed to a lack of experimental control, therefore resulting 
in hip angle differences as well as possible differences in 
hemodynamic effects. 
Energy expenditure. Energy expenditure was determined 
indirectly from the calculation of oxygen consumption, carbon 
dioxide production and respiratory quotient with open-circuit 
spirometry. Based on the volume of expired air measured by a 
volume transducer and the fractional concentration of oxygen and 
carbon dioxide determined by gas analysis, a computer program 
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Table 4 
Knee Angle at Different Seat Tube Angles 
Seat Tube Angle (deg) 
25 50 75 100 
Mean Knee Angle 
Mean 
SD 
Minimum 
Maximum 
(deg) 
Minimum Knee Angle 
Mean 
SD 
Minimum 
Maximum 
Maximum Knee Angle 
Mean 
SD 
Minimum 
Maximum 
Knee Angle Range 
Mean 
SD 
Minimum 
Maximum 
(deg) 
(deg) 
(deg) 
95.5 
6.4 
79.5 
103.5 
62.7 
5.9 
52 
71 
128.3 
8.8 
107 
141 
65.6 
7.7 
51 
78 
97.9 
5.4 
88 
109 
62.2 
5.9 
52 
74 
133.7 
6.6 
123 
144 
73.9 
12.0 
62 
112 
103.3 
4.0 
94.5 
111 
65.1 
1.8 
62 
67 
141.6 
6.9 
126 
157 
77.0 
5.9 
63 
92 
103.6 
5.6 
95.5 
113.5 
65.7 
5.7 
59 
79 
141.6 
6.5 
132 
153 
75.2 
5.0 
66 
86 
103.8 
8.0 
89 
121 
67.5 
6.2 
55 
82 
140.1 
10.8 
121 
160 
72.6 
7.7 
58 
83 
73 
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Table 5 
Ankle Angle at Different Seat Tube Angles 
Seat Tube Angle (deg) 
25 50 75 100 
Mean Ankle Angle (deg) 
Mean 
SD 
Minimum 
Maximum 
Minimum Ankle Angle 
Mean 
SD 
Minimum 
Maximum 
Maximum Ankle Angle 
Mean 
SD 
Minimum 
Maximum 
113.5 
6.5 
104.5 
126.5 
(deg) 
(deg] 
Ankle Angle Range (deg) 
Mean 
SD 
Minimum 
Maximum 
91.8 
9.2 
75 
JOB 
1 
135.3 
12.0 
114 
158 
43.6 
17.1 
18 
83 
95.3 
6.3 
84.5 
106.5 
87.4 
6.0 
74 
96 
103.1 
8.0 
92 
117 
15.8 
6.6 
5 
28 
93.6 
7.9 
82 
107.5 
87.1 
8.9 
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115 
13.2 
6.0 
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25 
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85 
104 
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99 
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90 
119 
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40 
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115 
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65 
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using the Haldane transformation was used to calculated oxygen 
consumption (L/min and mL/kg/min), carbon dioxide production, the 
respiratory quotient and ventilation. The aerobic energy 
expenditure in kilocalories was then determined from the table of 
non-proteia respiratory quotient by Carpenter (1939). To account 
for possible hyperventilation in calculation of the aerobic 
energy expenditure, the caloric expenditure for respiratory 
quotients greater than 1.00 was determined using an equation from 
Bursztein, Glaser, Trichet, Taitelman and Nedey (1980): 
Caloric expenditure (kcal/hr) = 
5.083 x oxygen consumed (L/hr, STPD) 
+ 0.138 x carbon dioxide produced (L/hr, STPD). 
Using the table by Carpenter (1939) or the equation by Bursztein 
et al. (1980), the aerobic energy expenditure was determined for 
each of five body positions/configurations at rest; during 
unloaded pedalling at 60, 70, 75, and 80 revolutions per minute; 
during the last minute ot the first and second workload; and 
during the maximal workload. 
From Table 6, a general trend of increasing energy 
expenditure can be observed from rest to 80 revolutions per 
minute of unloaded pedalling with each of the five body 
positions/configurations. A 5 x 5 factor ANOVA (position by 
revolutions per minute) was used to determine whether there was a 
significant increase in energy expenditure with increasing 
pedalling frequencies (Appendix F). The main effect of energy 
expenditure for both the last 30 second and 3 minutes of each 
position/configuration for the five unloaded conditions was found 
to be significant; F(4, 375) = 78.37, p < .01; and F(4, 375) = 
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Table 6 
Energy Expenditure at Rest and at Different Unloaded Cadences 
with Changes in Seat Tube and Mean Hip Angles 
Energy Expenditure (kcal/min) 
Rest 60 70 75 80 
rpm rpm rpm rpm 
Seat Tube Angles (deg) 
(Mean Hip Angles) 
0 
(130.9) 
25 
(113.5) 
50 
(100) 
75 
(76.8) 
100 
(59.9) 
Mean 
(SD) 
Mean 
(SD) 
Mean 
(SD) 
Mean 
(SD) 
Mean 
(SD) 
1.5 
(.4) 
1.5 
(.3) 
1.4 
(.2) 
1.6 
(.4) 
1.6 
(.4) 
2.7 
(.7) 
2.3 
(.4) 
2.4 
(.4) 
2.5 
(5) 
2.9 
(.7) 
3.1 
(.7) 
2.4 
(.3) 
2.4 
(2.9) 
2.8 
(.5) 
3.3 
(.8) 
3.6 
(.7) 
2.6 
(.6) 
2.6 
(.4) 
3.0 
(.5) 
3.4 
(.8) 
3.4 
(1.1) 
2.8 
(.5) 
2.7 
(.4) 
3.2 
(.6) 
3.9 
(.9) 
Note: These values are for the last 30 seconds of each 
position/configuration. 
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89.46, p < .01, respectively. It is interesting to note that the 
main effect of energy expenditure across body 
position/configuration was also significant for the last 30 
seconds, F(4, 375) = 14.33, p < .01; and for 3 minutes at each 
cadence, F(4, 375) = 18.49, p < .01. Through the use of trend 
analysis, a significant quadratic trend (p < .01) was found at 
each unloaded pedalling rate across body positions 
(configurations), but no significant trend was found for the 
energy expenditure at rest across body positions 
(configurations). No significant interactions was found between 
body position (configuration) and pedalling frequencies. Because 
there was a significant main effect across pedalling frequencies, 
work efficiency was used in the efficiency calculations. The 
least amount of energy expended was at the 50 degree seat tube 
angle (100 degree mean hip angle), which would lead to 
speculations that the most efficient cycling position would also 
be at this position/configuration. 
The aerobic energy expenditure for each position 
(configuration) was determined from the steady state oxygen 
consumption values measured during the last minute of the 360 and 
720 kpm workloads. These two workloads (360 and 720 kpm) were 
used to ensure: (1) the energy expenditure was being 
supplied aerobically; (2) the workloads selected were submaximal 
for all subjects in all test conditions; and (3) the inclusion of 
all subjects in all test conditions for the statistical analysis. 
The caloric expenditure was least in the 50 degree seat tube (100 
degree mean hip angle) at both the 360 and 720 kpm workloads, 
with a U-shaped quadratic trend (p < .01) best describing the 
79 
data (Table 7, Figure 6). Repeated measures MANOVAs (Appendix F) 
revealed a significant difference in energy expenditure with 
changes in seat tube angle (mean hip angle) at 720 kpm, 
F(4, 56) = 7.96, p < .01; and an almost significant difference 
at 360 kpm, f(4, 56) = 8.76, p = .01034. This non-significant 
difference at the .01 level with a workload of 360 kpm may be 
attributed to the small differences between means relative to the 
standard deviation with changes in seat tube angle (mean hip 
angle). Dunnett's multiple comparison, used as a post-hoc test 
to compare the 50 degree seat tube angle (100 degree mean hip 
angle) with each of the other positions at a workload of 720 kpm, 
found both the 0 and 100 degree seat tube angle (mean hip angle 
of 130.9 and 59.9 degrees, respectively) to be significantly 
different (p < .01). Based on these results, it may be 
concluded that similar energy demands are required for all five 
seating positions at a submaximal workload of 360 kpm; whereas at 
a 720 kpm workload, greater energy demands are required in the 0 
and 100 degree seat tube angles (130.9 and 59.9 degree mean hip 
angles, respectively) when compared to the 50 degree seat tube 
angle (100 degree mean hip angle). 
The maximal energy expenditure for each position 
(configuration) was determined from the largest oxygen 
consumption value over a 30 second interval during the test. The 
caloric expenditure (19.8 kcal/min) was greatest in the 75 degree 
seat tube angle (76.8 degree mean hip angle) and least 
(15.8 kcal/min) in the 0 degree seat tube angle (130.9 degree 
mean hip angle) with a quadratic trend (p < .01) best describing 
the data (Table 8, Figure 7). Repeated measures MANOVA (Appendix F) 
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Table 7 
Energy Expenditure at Different Positions/Configurations During 
the Last Minute at Submaximal Workloads of 360 and 720 kpm 
n = 15 
Energy Expenditure (kcal/min) 
Position Configuration 360 720 
(deg) (deg) (kpm) (kpm) 
0 
25 
50 
75 
100 
130.9 
113.4 
100.0 
76.8 
59.9 
Mean 
5.9 
5.5 
5.3 
5.6 
6.3 
(SD) 
(0.7) 
(0.8) 
(0.4) 
(0.5) 
(1.0) 
Mean 
10.2 
9.5 
9.1 
9.2 
10.0 
(SD) 
(1.1) 
(1.2) 
(0.5) 
(0.6) 
(1.1) 
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Table 8 
Maximal Aerobic Energy Expenditure at Different 
Positions/Configurations 
Position Configuration Maximal Aerobic Energy Expenditure 
(deg) (deg) (kcal/min) 
Mean (SD) 
130.9 15.8 (3.7) 
113.4 18.0 (3.8) 
100.0 19.3 (3.8) 
76.8 19.8 (3.5) 
59.9 18.5 (3.8) 
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indicated that there was a significant difference in maximal 
energy expenditure with changes in seat tube angle, F(4, 56) = 
29.84, p < .01. Dunnett's multiple comparison test, used as a 
post-hoc test to compare the 75 degree seat tube angle (76.8 
degree mean hip angle) with each of the other positions, resulted 
in significant differences for all comparisons (p < .01) except 
that between the 50 and 75 degree seat tube angle (100 and 76.8 
degree mean hip angle, respectively). 
Based on the maximal aerobic energy expenditure results, it 
might be concluded that the 75 degree body seat tube angle (76.8 
degree mean hip angle) is not as effective as the other positions 
because of a greater energy expenditure. This assumption would 
be true if energy expenditure was compared with equivalent 
workloads. However, the maximal aerobic energy expenditure is 
the measurable energy expended at the highest workload prior to 
test termination. Because equivalent workloads were not being 
compared, it is reasonable to assume that the greater workload 
will result in greater aerobic energy expenditure. Therefore, 
the most effective cycling position may not be the position which 
minimizes energy expenditure, but rather it is the position which 
can maximize it and the amount of work accomplished. 
Efficiency. Cycling efficiency was determined indirectly 
from the amount of measurable energy expended during the last 
minute at submaximal workloads of 360 and 720 kpm. Because 
significant differences were found (p < .01) in energy 
expenditure from rest and the different unloaded pedalling 
frequencies, work efficiency was used to account for differences 
in physiological baselines. Work efficiency was calculated 
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as the ratio of mechanical work accomplished to the aerobic 
energy expended above that in cycling without a load. Mechanical 
work was determined from the equation: 
Work = 6 (m) x frictional load (kp) x pedalling frequency (rpm), (5) 
where for each complete pedal revolution, a point on the flywheel 
rim will have moved 6 meters. For example, the mechanical work 
accomplished with a frictional load of 1 kp at a pedal rate of 60 
revolutions per minute would be 360 kpm/min (because 6m x 1 kp x 60 
rpm = 360 kpm/min). The work efficiency at submaximal workloads 
of 360 and 720 kpm was determined from the aerobic energy 
expenditure one minute prior to the end of each of the two 
workloads. The work efficiency was then calculated from the 
equation: 
Work efficiency = mechanical work (kpm/min) 
x 100 % (6) 
[ energy expenditure (kcal/min) 
- energy expended at that same 
cadence of unloaded cycling 
(kcal/min) ] 
The mechanical work, measured in kpm/min, was converted to 
kcal/min (where 1 kcal = 424.8 kgm) before the efficiency values 
were calculated. 
Observations of Table 9 and Figure 8 would reveal an increase 
in work efficiency at submaximal workloads of 360 and 720 kpm 
with changes in seat tube angles from 0 to 50 degrees (130.9 to 
100 degree mean hip angles, respectively) and a decrease in work 
efficiency with further changes in seat tube angle (mean hip 
angle). Repeated measures MANOVA did not reveal any significant 
differences or trends (p > .05) in work efficiency with changes 
86 
Table 9 
Work Efficiency at Different Positions/Configurations During 
the Last Minute at Submaximal Workloads of 360 and 720 kpm 
n = 15 
Work Efficiency (%) 
Position Configuration 360 720 
(deg) (deg) (kpm) (kpm) 
0 
25 
50 
75 
100 
130.9 
113.4 
100.0 
76.8 
59.9 
Mean 
26.2 
27.4 
29.3 
27.3 
25.7 
(SD) 
(5.4) 
(5.7) 
(5.7) 
(3.4) 
(5.4) 
Mean 
22.8 
24.1 
25.4 
25.3 
24.3 
(SD) 
(3.1) 
(3.7) 
(3.0) 
(2.7) 
(3.3) 
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in seat tube angle at workloads of 360 and 720 kpm (Appendix F). 
Non-significant differences in work efficiency are attributed to 
the control of differences in physiological baselines with 
changing body position. Observation of Tables 6 and 7 
reveal that differences in aerobic energy expenditure with 
different seat tube angles (mean hip angles) at submaximal 
workloads are a function of differences in energy expenditure at 
rest and/or different unloaded cadences. Accounting for these 
differences in physiological baselines result in similar 
efficiency values. It is uncertain as to what the efficiency 
results would be if physiological baselines were not accounted 
for (i.e., gross efficiency) or if only differences in energy 
expenditure at rest were controlled (i.e., net efficiency). In 
general, it may be speculated that efficiency values will: 
(1) be lower; (2) there will be greater differences in efficiency 
between the different seat position/configuration; and (3) there 
will probably be significant differences in efficiency between 
the various body position/configuration at submaximal workloads 
of 360 and 720 kpm. In Experiment 1, because the trunk 
orientation was standardized across seating position, there is no 
hemodynamic effect, as observed from the similar resting energy 
expenditure values across different seat tube angles in Table 6. 
However, there was a significant difference in energy expenditure 
with all unloaded cadences across seat tube angles. Therefore, 
this difference in energy expenditure is attributed to less 
effective cycling seating positions and that perhaps work 
efficiency may not have been the most appropriate efficiency 
measurement selected. In this particular case, gross or net 
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efficiency may more appropriately reflect cycling efficiency 
and performance. 
Total work output• The total work output was determined 
from both the cycling duration and work accomplished at each 
workload. Because the frictional load or pedalling frequency 
increased every three minutes until test termination, the total 
work output was calculated as the sum of the mechanical work 
completed at each workload and the fraction of work accomplished 
in the maximal workload prior to test termination. For example, 
if a subject had terminated the test after 13.5 minutes, the 
total work output would be [3 min x (360 kpm + 720 kpm + 1080 kpm 
+ 1260 kpm)] + [1.5 rain x (1470 kpm)] = 12465 kpm. The mean 
cycling duration, maximal workload, and total work output for the 
different body positions and configurations are presented in 
Table 10. 
As can be observed from Table 10, a quadratic trend in cycling 
duration, maximal workload and total work output exists with 
changes in seat tube angles from 0 to 100 degrees (mean hip 
angles from 130.9 to 59.9 degrees) with the peak values occurring 
at the 75 degree position (76.8 degree configuration). This 
apparent second order function is supported by trend analysis (p 
< .01). Using a repeated measures MANOVA, significant 
differences were found in total work output with changes in seat 
tube angle, F(4, 56) = 33.9, p < .01 (Appendix F). Dunnett's 
multiple comparison test, used as a post-hoc test, compared the 
75 degree seat tube angle (76.8 degree mean hip angle) with each 
of the other positions. Significant differences (p < .01) were 
found in all comparisons except for that between the 75 and 50 
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degree seat tube angle (76.8 and 100 degree mean hip angle, 
respectively). These results suggest that performance, as 
measured by total work output, in the 50 and 75 degree seat tube 
angle (100 and 76.8 degree mean hip angle) are similar, and the 
most effective body position and configuration to maximize total 
work output may be that between 50 to 75 degrees and 76.8 to 100 
degrees, respectively. This speculation is based upon visual 
inspection of total work output with changes in body 
position/configuration (Figure 9) and the differences between 
successive body configurations. This is also based on the 
assumption that there is a smooth, normal and symmetrical 
quadratic trend in various performance variables (i.e., total 
work output, cycling duration, maximal workload, energy 
expenditure) with continuous changes in body positions and 
configurations. 
With changes in seat tuba angles from 0, 25, 50, 75, and 100 
degrees, the corresponding mean hip angles were 130.9, 113.4, 
100, 76.8, and 59.9 degrees. Each successive 25 degree change in 
body position from 0 to 100 degrees resulted in a corresponding 
change in the mean hip angles of 17.5, 13.4, 23.2, and 16.8 
degrees, respectively. It is interesting to note that a 
systematic change of 25 degrees in seat tube angle from one body 
position to the next produced similar mean hip angle changes 
except for that between the 50 degree and 75 degree seat tube 
angle. One would assume that the greater difference in hip angle 
between the 50 and 75 degree seat tube angle would result in a 
greater difference in measured performance (i.e., total work 
output). This would be the case if there was a linear trend with 
Table 10 
Cycling Duration, Maximal Workload, and Total Work Output 
of Different Seat Tube and Mean Hip Angles 
Cycling 
Duration 
(min) 
Mean 
(SD) 
9.50 
(2.93) 
12.05 
(3.59) 
15.01 
(4.32) 
16.03 
(4.40) 
13.43 
(4.74) 
Maximal 
Workload 
(kpm/min) 
Mean 
(SD) 
1172.0 
(228.6) 
1372.5 
(244.6) 
1568.4 
(305.4) 
1638.8 
(286.5) 
1443.8 
(308.8) 
Total Work 
Output 
(kpm) 
Mean 
(SD) 
7368.6 
(3751.4) 
10737.9 
(4852.1) 
15327.0 
(7290.0) 
16968.4 
(7656.0) 
13201.4 
(8120.3) 
Seat Tube Angle (deg) 
(Mean Hip Angle) 
0 
(130.9) 
25 
(113.4) 
50 
(100.0) 
75 
(76.8) 
100 
(59.9) 
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changes in seat tube angle. However, because the trend is 
quadratic, the 50 and 75 degree body positions may have been on 
different sides of a second order function inflection point. In 
other words, the most effective cycling body 
position/configuration was probably not among the body 
positions/configurations selected in this experiment, but may be 
at some seat tube angle (hip angle) in between. 
Results of correlations and t-tests. One of the five body 
positions/configurations was randomly selected for a sixth test 
session. Zero order correlations and paired t-tests were used to 
determine test-retest reliability as well as whether there may 
have been a training effect due to five repeated maximal cycling 
tests. Zero order correlations varied from .32 for the knee 
angle range of motion to .997 for mean hip angle (Appendix F). 
The high correlation of hip angles and performance variables 
(total work output, cycling duration, and maximal workload) 
supports the reproducibility of the body position/configuration 
and test-retest reliability of the performance variables, 
respectively. All paired t-tests (Appendix F) were 
non-significant (p > .01). The alpha level of all t-tests were 
greater than .10 except for: the minimum knee angle and ankle 
angle range of motion (p > .05); and the minimum ankle angle (p 
> .01). This indicates that a training effect did not occur. 
Changes in physiological and performance variables. 
Presented in Table 11 are changes in various physiological and 
performance variables with changes in seat tube and mean hip angles. 
It can be observed that for all the variables in Table 11, a 
quadratic trend exists with peak values occurring either at the 50 
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degree or 75 degree body position (100 degree or 76.8 degree body 
configuration). From Table 11, it is also apparent that the time 
at which all maximum oxygen consumption values occurred was less 
than the cycling duration. This would suggest that for each of 
the five seat tube and mean hip angles the oxygen consumption 
values reached were truly maximal. Once the maximum oxygen 
consumption value has been reached, further increment in workload 
and/or cycling duration will not further increase oxygen 
consumption values, although heartrate, respiratory quotient, 
ventilation and lactate levels will continue to increase until 
test termination. 
Discussion 
From this experiment, it has been determined that: (1) a 
second order function best desceibes the trend in cycling 
performance (as defined by total work output) with changes in 
position; (2) these differences in performance are attributed to 
changes in hip angles because the knee and ankle angles were 
similar across positions (Figure 10); and (3) these differences 
in performance due to hip angle changes are not attributed to 
differences in hip angle range of motion across positions. The 
questions which remain include: (1) why these differences in 
performance occur as a function of changes in hip angles; (2) 
what are the mechanisms involved; and (3) what are the limiting 
factors to cycling performance (in different body 
positions/configurations) as defined by total work output? 
In response to the first question, it is obvious that 
differences in performance resulting from changes in hip angles 
are attributable to differences in muscle length and the quadrant 
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Table 11 
Physiological and Performance Variables with Changes in 
Seat Tube and Mean Hip Angles 
Seat Tube Angle (deg) 0 25 50 75 100 
Mean Hip Angle (deg) 130.9 113.4 100 76.8 59.9 
Maximal Heartrate (beats/min) 
Mean 175.6 180.8 187.1 185.3 182.3 
(SD) (14.8) (16.8) (13.4) (13.3) (14.4) 
Maximum Oxygen Consumption (ml/kg/min) 
Mean 41.48 47.44 50.48 51.84 48.40 
(SD) (7.26) (7.78) (7.86) (6.71) (7.33) 
Time of Maximum Oxygen Consumption (min) 
Mean 9.26 11.72 14.53 15.69 13.03 
(SD) (2.88) (3.55) (4.54) (4.30) (4.83) 
Cycling Duration (rain) 
Mean 9.50 12.06 15.01 16.03 13.43 
(SD) (2.93) (3.59) (4.32) (4.40) (4.74) 
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or sector of the tension length curve over which the muscle acts 
during one complete pedal revolution. Any differences in muscle 
length will then affect the tension which can be produced at a 
particular joint angle. 
The mechanisms which result in cycling performance 
differences across different hip angles include: (1) the tension 
length curve quadrant or sector over which the involved muscles 
and its corresponding joint range of motion functions during one 
pedal revolution; (2) the muscle moment arm length with different 
hip angles; and (3) the net effect of the interaction of the 
muscle length and muscle moment arm length of all the 
various muscles involved in force production. Although total 
work output in the 75 degree position (76.8 degree mean hip 
angle) was not significantly greater than that in the 50 degree 
position (100 degrees mean hip angle), there is insufficient 
information in the literature to speculate whether 
non-significant differences were attributed to: (1) a more 
optimal muscle length, but a less effective muscle moment arm 
length in the 75 degree position (76.8 degree mean hip angle); 
and/or (2) the confounding effect of greater production and 
contribution of forces as a result of changes in the muscle 
length and muscle moment arm length interaction of other muscle 
groups in the 50 degree position (100 degree mean hip angle). 
Even with the limited literature available, there is equivocation 
as to which hip angle is more effective for force production. 
For instance, Hugh-Jones (1947a) reported the maximal force which 
could be exerted on on a foot-pedal in a seated position to occur 
with a hip angle of 75 degrees whereas Clarke et al. (1950) 
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reported the greater isometric hip extension force to occur at a 
hip angle of 50 degrees. 
Based on subject comments, it would appear that a limiting 
factor to cycling performance is local muscular fatigue of 
different muscle groups. This is based on responses to questions 
asked of each subject regarding their impressions and opinions of 
each position. As a general consensus, the greatest stress when 
cycling in the 0 degree seat tube angle (130.9 degree mean hip 
angle) is imposed upon the quadriceps. As the seat tube angle is 
systematically changed from 0 to 100 degrees (mean hip angles 
from 130.9 to 59.9 degrees), the greatest stress is shifted from 
the quadriceps to the gluteal region. Therefore, with a mean hip 
angle of 130.9 degrees (0 degree seat tube angle), the quadriceps 
appear to be more involved in force production with increasing 
workloads, whereas the gluteal muscles appear to have greater 
involvement if the mean hip angle is 59.9 degrees (100 degree 
seat tube angle). Is greater involvement of the knee extensors 
in the 0 degree position (130.9 degree mean hip angle) attributed 
to: (1) a lesser involvement of the hip extensors; or (2) are the 
hip extensors so much more effective in force production in this 
seating position/configuration that the stress imposed upon it is 
not as apparent with increasing loads? A similar question may 
be asked regarding the 100 degree position (59.9 degree mean hip 
angle). Is greater stress of the hip extensors in the 100 degree 
position (59.9 degree mean hip angle) attributed to less 
effective force production, greater hip extensor involvement, or 
both? The answer to these questions are unknown based on the 
available literature regarding isometric contraction, muscle 
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length and muscle moment arm length. It may be speculated that 
differences of cycling performance in different body 
positions/configurations are attributed to net differences in 
force production. But, it is unknown as to whether differences in 
force production is primarily a result of changes in muscle 
length, muscle moment arm length, or both. 
The largest total work output was recorded in the 75 degree 
seat tube angle (76.8 degree mean hip angle) and found to be 
significantly greater (p < .01) than those in all the other 
positions/configurations except for the 50 degree seat tube angle 
(100 degree mean hip angles). In the 75 degree position (76.8 
degree mean hip angle) the greatest muscular stress and fatigue 
was reported by subjects to be equally distributed among the 
quadriceps, hamstrings, and gluteal muscle groups. Therefore, 
cycling performance in this position/configuration was not 
limited to localized fatigue in any one muscle group, and is a 
logical explanation as to why this position resulted in the 
largest total work output. The distribution of work across 
several large muscle groups, and the involvement of an overall 
larger muscle mass while cycling in the 75 degree position (76.8 
degree mean hip angle) is also a viable explanation of why a 
greater maximal oxygen consumption was obtain in this 
position/configuration. 
Conclusions 
Based on the available literature, it was believed that any 
deviation in body position and/or configuration from that of a 
standard upright cycling position would result in decreased 
cycling performance. However, from the results of this first 
experiment, it was concluded that the standard upright cycling 
position is not the body position/configuration which maximizes 
cycling performance, as measured by maximal aerobic energy 
expenditure and total work output. It should be noted that the 
subjects in this experiment were constrained to cycle in an 
upright orientation. Therefore, the body position (seat tube 
angle) of Experiment 1, corresponding to a standard upright 
position, resulted in a different body configuration. 
IV. EXPERIMENT 2 
In Experiment 1, it was determined that with the cyclist in 
an upright orientation (trunk perpendicular to the ground), the 
most effective cycling position had a seat tube angle of 75 
degrees and a mean hip angle of 76.8 degrees. Although cycling 
performance was not found to be significantly different from 
a seat tube angle of 50 degrees (mean hip angle of 100 degrees), 
the 75 degree seat tube angle cycling position did result in 
the largest total work output and cycling duration. Therefore, 
the 75 degree seat tube angle (mean hip angle of 76.8 degrees) of 
Experiment 1 was selected and used in Experiment 2. The 
purposes of this second experiment were to determine: (1) the 
effect of different body orientations on cycling performance 
while controlling for body configuration and position; and (2) 
determine, within the limitations of this investigation, the 
most effective cycling position, orientation, and configuration 
from an energetics perspective. 
Methods 
Subjects. The subjects used in this experiment were 10 
healthy male college age volunteers who cycled recreationally. 
Seven of the 10 subjects of Experiment 2 were also subjects in 
Experiment 1. All subjects not involved in Experiment 1 were 
required to: sign a consent form indicating their voluntary 
participation (Appendix B); and indicate on a pre-study survey 
their activity level, types of activities regularly engaged in, 
and any possible contraindications to their participation in 
Experiment 2. 
Apparatus. The second experiment was designed to 
systematically investigate the effects of three body orientations 
while maintaining the 75 degree seat tube angle and 76.8 degree 
mean hip angle from Experiment 1. To accomplish this, a 30 
degree incline platform was constructed which allowed the entire 
bicycle ergometer apparatus of Experiment 1 to be mounted at a 30 
degree incline or decline. This resulted in a rotation of the 
trunk in the sagittal plane to a body orientation of 60 and 120 
degrees, respectively. The body orientation was recorded as the 
angle formed between the backrest and a horizontal line parallel 
to the ground (Appendix A). The three body orientation, as 
measured by this angle, were 60, 90 and 120 degrees (Figure 11). 
Before the bicycle ergometer apparatus was mounted on the 
platform, the seat tube angle was positioned at 75 degrees. As 
in Experiment 1, the same open circuit gas exchange system and 
videography system was used in Experiment 2. 
Procedures. In Experiment 2, the same procedures and test 
protocol of Experiment 1 were used except for the following: (1) 
subjects were tested at three different body orientation with a 
seat tube angle of 75 degrees; (2) a retest of one of the 
conditions was not performed; and (3) subjects of Experiment 2 
who were also subjects of Experiment 1 were not required to 
repeat the pre-test session (i.e., signing of consent form, 
completing a pre-study survey, measurement of anthropometric 
characteristics, development of a subject profile). 
Data Analysis. The data analysis was identical to that used 
in Experiment 1. An ANOVA was used to determine if there were 
any significant differences in energy expenditure when at rest 
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Figure 11. Experiment 2: Body orientations 
and during different pedalling frequencies of unloaded cycling. 
If none existed, net efficiency was used in the data analysis, 
otherwise work efficiency was used. Repeated measure MANOVA's 
were used to determine whether there were significant differences 
in: (1) total work output; (2) maximal aerobic energy 
expenditure; and (3) efficiency with different body orientations. 
If no significant differences are found among the three body 
orientations with a constant body position/configuration, this 
suggests that, at least within the three test conditions of 
Experiment 2, body orientation may not be an important factor to 
consider in cycling performance as defined by maximal aerobic 
energy expenditure, efficiency, and total work output. On the 
other hand, if significant differences in cycling performance are 
found within the three different body orientations, this suggests 
that body orientation also needs to be considered along with body 
position/configuration in cycling performance. Statistically 
significant differences will be further examined using Dunnett 
post-hoc multiple comparison tests. Trend analysis will also 
used to determine how efficiency, aerobic energy expenditure and 
total work output changed with changes in body orientation. 
Results 
This section includes the results and analyses of the 
following variables with changes in body orientation: (1) 
aerobic energy expenditure; (2) efficiency; and (3) total work 
output. This section also includes a profile and description of 
the characteristics of each subject and a description of changes 
in body configuration (hip, knee, and ankle angles) with changes 
in body orientation. 
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Subject profile and characteristics. In Table 12, physical 
characteristics and other descriptive measures of each subject 
are given. Seven of the ten subjects for this experiment were 
also subjects in the first experiment. Each subject was only 
tested once in each of the different experimental conditions (60, 
90, and 120 degree body orientation with a seat tube angle of 75 
degrees). The randomly selected test condition to be repeated 
was deleted from this experiment because no training effect from 
five repeated maximal cycling tests was found from Experiment 1 
and it was not believed that a training effect would occur as a 
result of three maximal cycling tests. 
Body configuration changes wjth different body orientations. 
Recorded in Tables 13, 14, and 15 are the mean, minimum, maximum, 
and range of motion of the hip, knee, and ankle for one complete 
pedal cycle, respectively. Although the same seat tube angle (75 
degree) and seat to pedal distance was maintained in each of the 
three body orientation, observations of Tables 13, 14, and 15 
suggest that there is a trend of increasing hip, knee, and ankle 
angle with changes in body orientation from 60 to 120 degrees. 
It would appear that in the 60 degree orientation, subjects tend 
to slide forward on the bicycle seat, despite being strapped to 
the backrest at the hips and waist. In the 120 degree 
orientation, the subjects tend to slide further back in the seat, 
resulting in overall greater measured joint angles. 
Energy expenditure. As in Experiment 1, aerobic energy 
expenditure was determined indirectly from the calculation of 
oxygen consumption, carbon dioxide production and the respiratory 
quotient with open-circuit spirometry. The aerobic energy 
Table 12 
Experiment 2: Subject Profile and Characteristics 
Ss Birthdate Age Weight Height Leg length (cm) 
(m/d/y) (yrs) (kg) (era) total upper lower 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
12/28/57 
05/03/61 
10/29/63 
01/27/54 
02/08/62 
03/01/64 
01/12/62 
03/08/57 
10/09/52 
09/01/55 
28 
27 
22 
32 
24 
24 
24 
29 
35 
32 
66.5 
69.4 
76.4 
83.1 
78.8 
73.0 
67.5 
65.1 
77.5 
79.9 
178.5 
179.3 
176.5 
187.8 
174.6 
181.2 
174.7 
166.0 
171.8 
182.6 
85.4 
89.2 
86.4 
97.0 
90.3 
94.1 
88.4 
82.5 
84.7 
91.7 
45.3 
38.1 
45.8 
52.5 
49.7 
40.1 
45.3 
40.5 
41.6 
39.2 
40.1 
43.5 
40.6 
44.5 
40.6 
46.3 
43.1 
42.0 
43.1 
44.6 
Mean 27.6 73.7 177.3 89.0 43.8 42.8 
SD 4.1 6.3 6.1 4.5 4.7 2.0 
Table 13 
Hip Angle at Different Body Orientations 
Body Orientation (deg) 
60 90 120 
Mean Hip Angle (deg) 
Mean 
SD 
Minimum 
Maximum 
Minimum Hip Angle 
Mean 
SD 
Minimum 
Maximum 
Maximum Hip Angle 
Mean 
SD 
Minimum 
Maximum 
(deg) 
(deg) 
Hip Angle Range (deg) 
Mean 
SD 
Minimum 
Maximum 
75.5 
5.4 
67 
81 
57.6 
6.9 
45 
66 
93.3 
6.0 
80 
100 
36.7 
9.0 
25 
54 
75.5 
6.6 
67.5 
85 
55.3 
5.7 
47 
63 
95.7 
8.2 
86 
110 
41.0 
4.2 
33 
50 
82.0 
4.3 
76 
89.5 
62.0 
4.8 
55 
67 
101.0 
7.14 
93 
119 
39.9 
8.5 
29 
59 
Table 14 
Knee Angle at Different Body Orientations 
Seat Tube Angle (deg) 
60 90 120 
Mean Knee Angle 
Mean 
SD 
Minimum 
Maximum 
(deg) 
Minimum Knee Angle (deg) 
Mean 
SD 
Minimum 
Maximum 
Maximum Knee Angle (deg) 
Mean 
SD 
Minimum 
Maximum 
Knee Angle Range 
Mean 
SD 
Minimum 
Maximum 
(deg) 
103.7 
7.9 
91 
113 
64.7 
5.7 
57 
76 
142.0 
12.6 
125 
160 
75.9 
10.1 
65 
89 
104.7 
6.7 
94.5 
114.5 
65.4 
5.0 
58 
71 
144.0 
9.4 
129 
159 
78.6 
9.9 
69 
89 
109.7 
4.5 
102.5 
115 
68.9 
5.0 
61 
77 
150.4 
6.5 
143 
163 
81.5 
7.3 
73 
96 
109 
Table 15 
Ankle Angle at Different Body Orientations 
Seat Tube Angle (deg) 
60 90 120 
Mean Ankle Angle 
Mean 
SD 
Minimum 
Maximum 
Minimum Ankle Ang 
Mean 
SD 
Minimum 
Maximum 
(deg) 
le 
Maximum Ankle Angle 
Mean 
SD 
Minimum 
Maximum 
Ankle Angle Range 
Mean 
SD 
Minimum 
Maximum 
(deg) 
(deg) 
(deg) 
87.0 
5.3 
81 
99 
78.8 
3.7 
71 
83 
95.1 
9.4 
85 
115 
16.3 
9.6 
5 
32 
96.3 
6.9 
86.5 
108 
82.6 
10.9 
71 
102 
103.4 
6.2 
95 
111 
21.8 
10.9 
7 
38 
102.2 
7.5 
90.5 
117 
91.9 
11.2 
75 
110 
112.5 
7.1 
103 
124 
20.6 
11.4 
5 
43 
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expenditure was determined for each of the three body 
orientations at rest; during unloaded pedalling at 60, 70, 75, 
and 80 revolutions per minute; during submaximal workloads at 360 
and 720 kpm; and during the maximal workload. 
From Table 16, a general trend of increasing energy 
expenditure was observed from rest to 80 revolutions per minute 
of unloaded pedalling with each of the three body orientations. 
A 3 x 5 factor ANOVA (orientation by revolution per minute) was 
used to determine whether there was a significant increment in 
energy expenditure with increasing pedalling frequencies 
(Appendix G). The main effect of energy expenditure was 
significant for both the last 30 seconds and total 3 minutes at 
each orientation during rest and at the different pedalling 
frequencies; F(4, 135) = 79.84, p < .01, and F(4, 135) = 86.39, p 
< .01, respectively. There was no significant main effect of 
energy expenditure across body orientation nor was there any 
significant interactions. A non-significant main effect of 
energy expenditure across body orientation would suggest that the 
hemodynamic effects may be very minor for the orientations 
selected and/or not very important at rest and during unloaded 
cadences. This is supported by the descriptive data presented in 
Table 16. The difference in means between orientations are small 
compared to the standard deviations. It is interesting to note 
that energy expenditure decreases at rest with changes in body 
orientation from 60 to 120 degrees; but increases with changes in 
body orientation from 60 to 120 degrees when there is an increase 
in unloaded cadences (i.e., unloaded cadences of 75 and 80 rpms). 
Because there was a significant main effect across pedalling 
Ill 
Table 16 
Energy Expenditure at Rest and at Different Unloaded Cadences 
with Changes in Body Orientation 
Energy Expenditure (kcal/min) 
Rest 60 70 75 80 
rpm rpm rpm rpm 
Body Orientation (deg) 
60 
90 
120 
Mean 
(SD) 
Mean 
(SD) 
Mean 
(SD) 
1.9 
( . 3 ) 
1.8 
( . 3 ) 
1.7 
( . 3 ) 
3.4 
( . 4 ) 
3.0 
( . 3 ) 
3.0 
( . 6 ) 
3.7 
( . 4 ) 
3.5 
( . 7 ) 
3.7 
( . 6 ) 
3 .8 
( . 6 ) 
3 .9 
( . 6 ) 
4 . 0 
( 6 ) 
3.9 
( . 6 ) 
4 .2 
( . 9 ) 
4 . 3 
( . 7 ) 
Note: These values are for the last 30 seconds of each body 
orientation. 
112 
frequencies, work efficiency was used in the efficiency 
calculations. 
The aerobic energy expenditure for each orientation was 
determined from the steady state oxygen consumption values 
measured during the last minute of the 360 and 720 kpm workloads. 
With a workload of 360 kpm, there was an increase in energy 
expenditure with changes in body orientation from 60 to 120 
degrees, whereas the energy expenditure appear to be very similar 
and approximately 10 - 10.1 kcal/min with changes in body 
orientation at a workload of 720 kpm (Table 17). At the 360 and 
720 kpm workloads, repeated measure MANOVA's (Appendix G) 
revealed no significant differences in energy expenditure with 
changes in body orientation (p > .10). 
The maximal aerobic energy expenditure for each orientation 
was determined from the largest oxygen consumption value over a 
30 second interval during the test. The caloric expenditure was 
20.4, 20.8, and 20.5 kcal/min for the 60, 90, and 120 degree body 
orientation, respectively (Table 18). No significant differences 
(p > .01) were found with a repeated measures MANOVA (Appendix 
G). Based on the results of aerobic energy expenditure, it may 
be concluded that energy expenditure in the three body 
orientations selected for Experiment 2 are similar during cycling 
performance with incrementing workloads. 
Efficiency. Cycling efficiency for the three body 
orientations was determined indirectly from submaximal workloads 
of 360 and 720 kpm and the amount of measurable energy expended 
during the last minute of each workload. Observations of Table 
19 reveal a decrease in work efficiency at both submaximal 
Table 17 
Energy Expenditure at Different Body Orientations During the 
Last Minute at Submaximal Workloads of 360 and 720 kpm 
Energy Expenditure (kcal/min) 
Workload 360 kpm 720 kpm 
Body Orientation (deg) Mean (SD) Mean (SD) 
60 5.9 (.7) 10.0 (.9) 
90 6.0 (.7) 10.1 (.7) 
120 6.4 (.7) 10.0 (.7) 
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Table 18 
Maximal Aerobic Energy Expenditure at Different 
Body Orientations 
Body Maximal Aerobic Energy Expenditure 
Orientation (kcal/min) 
(deg) 
60 
90 
120 
Mean 
20 .4 
20 .8 
20.5 
(SD) 
( 3 . 4 ) 
( 3 . 9 ) 
( 3 . 6 ) 
115 
workloads of 360 and 720 kpm with changes in body orientations 
from 60 to 120 degrees. Repeated measure MANOVA's (Appendix G) 
revealed a significant difference in work efficiency with changes 
in body orientation at a workload of 360 kpm, F(2, 18) = 9.52, 
p < .01; but not significant differences at a workload of 720 
kpm, F(2, 18) = 1.61, p > .10. Dunnetts multiple comparison, 
used as a post hoc test to compare the 90 degree body orientation 
with the 60 and 120 degree body orientation at a workload of 360 
kpm, found the 60 degree orientation to be significantly 
different (p < .01), but not the 120 degree body orientation 
(p > .05). With this information, it is obvious that if work 
efficiency in the 60 degree body orientation at a workload of 360 
kpm is significantly different and greater than that in the 90 
degree orientation, it is also significantly different and 
greater that that in the 120 degree body orientation. 
Total work output. As in Experiment 1, the total work output 
was determined from both the cycling duration and work 
accomplished at each workload. As can be observed from Table 20, 
there appears to be an increasing trend in cycling duration, 
maximal workload, and total work output with changes in body 
orientation from 60 to 120 degrees, with the largest values at 
the 60 degree orientation. However, no significant differences 
were observed based on repeated measures MANOVAs; F(2, 18) = 
2.48, p > .01 (Appendix G). 
Changes in physiological and performance variables. 
Presented in Table 21 are changes in various physiological and 
performance variables with changes in body orientation. It can be 
observed that for all variables, the differences between means 
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Table 19 
Work Efficiency at Different Body Orientations During the 
Last Minute at Submaximal Workloads of 360 and 720 kpm 
Workload 
Work Efficiency (%) 
360 kpm 720 kpm 
Body Orientation (deg) Mean (SD) 
60 35.1 (7.3) 
90 28.6 (4.9) 
120 25.9 (4.6) 
Mean (SD) 
26.1 (3.0) 
24.9 (3.9) 
24.4 (2.0) 
Table 20 
Cycling Duration, Maximal Workload, and Total Work Output 
of Different Body Orientations 
Body Orientation 
(deg) 
60 
90 
120 
Cycling 
Duration 
(rain) 
Mean 
(SD) 
15.38 
(4.29) 
15.12 
(4.1) 
14.69 
(4.13) 
Maximal 
Workload 
(kpm/min) 
Mean 
(SD) 
1588.5 
(250.4) 
1570.5 
(263.3) 
1525.5 
(224.5) 
Total Work 
Output 
(kpm) 
Mean 
(SD) 
15876 
(7303.1) 
15426.25 
(6988.0) 
14764.05 
(6969.8) 
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Table 21 
Physiological and Performance Variables with Changes in 
Body Orientations 
* ty Orientation (deg) 60 90 120 
Maximal Heartrate (beats/min) 
Mean 
(SD) 
177.6 
(13.9) 
177.8 
(12.3) 
175.2 
(14.4) 
Maximum Oxygen Consumption (ml/kg/min) 
Mean 52.47 53.20 52.55 
(SD) (5.89) (6.40) (6.50) 
Time of Maximum Oxygen Consumption (rain) 
Mean 15.00 14.95 14.40 
(SD) (4.07) (4.02) (3.98) 
Cycling Duration (min) 
Mean 
(SD) 
15.38 
(4.29) 
15.12 
(4.14) 
14.69 
(4.13) 
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in the different body orientations are very similar and easily 
within one standard deviation of the other means. The similar 
means and standard deviations of the different physiological 
variables with changes in body orientation would suggest that there 
are no real differences in cycling performance with the body 
orientations selected in Experiment 2. 
Discussion 
In Experiment 2, there are many interesting speculations 
based on the results of energy expenditure, efficiency, and total 
work output with different body orientations. By controlling for 
body position/configuration (seat tube angle/mean hip angle), any 
differences in cycling performance will be attributed to changes 
in body orientation. Changes in body orientation will place the 
body at a different angle with respect to the line of gravity, 
therefore affecting both the hemodynamics of blood flow and 
force contribution by the body weight. Whether there is an 
interaction between hemodynamics and body weight contribution 
with different body orientation is unknown. It is also unknown 
as to which variable has the greater effect with incrementing 
workload. The hemodynamic effect would probably be greatest (in 
facilitating venous return to the heart) in the 120 degree body 
orientation with the trunk reclining and the legs elevated; and 
least in the 60 degree orientation where the effect of gravity, 
retarding venous return of blood from the legs to the heart, is 
greatest. Conversely, the reverse is true regarding force 
contribution to the pedals by the body weight. In a 60 degree 
body orientation, the weight contribution of the body would be 
greatest and it would be least in the 120 degree orientation. 
In the 120 degree orientation, force would need to be generated 
to overcome part of the weight of the legs as well as the 
given workload. 
Based on Table 16, it would appear that there is a small and 
non-significant hemodynamic effect affecting energy expenditure 
at rest with the body orientations selected in Experiment 2, as 
evidenced by decreasing energy expenditure with increasing body 
orientations. However, at unloaded cadences of 75 and 80 rpras, 
decreasing energy expenditure from body orientations of 120 to 90 
and 60 degrees, respectively, would suggest that the body weight 
contribution in the 60 degree body orientation counteracts any 
hemodynamic benefits in the 120 degree orientation. This would 
also appear to be true regarding energy expenditure at a 
submaximal workload at 360 kpm (Table 17). Although no 
significant differences in energy expenditures were found with 
changes in body orientation, there was a decreasing trend in 
energy expenditure from a body orientation of 120 degrees to 60 
degrees. This would suggest that a favorable body weight 
orientation with respect to the line of gravity will result in 
greater body weight contribution to cycling performance at low 
workloads than when compared to the hemodynamic contribution in a 
more favorable hemodynamic body orientation (i.e., 120 degrees). 
This appears to be substantiated by the significantly greater work 
efficiency measurements in the 60 degree body orientation at a 
360 kpm workload when compared to the 90 and 120 degree body 
orientation (Table 19, Appendix G). However, this does not 
appear to be true at greater workloads. 
At a submaximal workload of 720 kpm and at the maximal 
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workload, energy expenditure appears to be similar for the 
different body orientations (Tables 17 and 18, respectively). At 
the 720 kpm workload, there is still an increasing trend in work 
efficiency from a body orientation of 120 to 60 degrees (Table 
19). But the differences in work efficiency with changes in body 
orientation was non-significant. There are several possible 
explanations for these results. First of all, the relative 
contribution of the body weight to pedal force production 
decreases with increasing workloads (although the absolute 
contribution remains unchanged). Therefore, in the 60 degree 
body orientation, body weight contributes less relative to the 
overall force required for a greater workload. Secondly, at 
greater workloads, the hemodynamic effect of venous return to the 
heart may become more important and critical to maintaining a 
given workload and to performance. Therefore, the lower relative 
contribution of body weight combined with the greater effect and 
importance of hemodynamics at greater workloads result in 
increasing energy expenditures at the 60 degree body orientation. 
The reverse would then be true with increasing workloads in the 
120 degree body orientation. The greater importance and 
contribution of a more favorable hemodynamic orientation, 
combined with the lesser importance of body weight at greater 
workloads, would result in a lower energy expenditure and greater 
work efficiency when compared to the 90 or 60 degree body 
orientation. In other words, the contribution of body weight and 
hemodynamic effects on cycling performance in different body 
orientations are counteracted by each other at higher workloads. 
Thirdly, no significant differences in energy expenditure and 
work efficiency were found at a workload of 720 kpm or in maximal 
aerobic energy expenditure at the maximal workload with different 
body orientations because, body orientation may not be a significant 
variable. On the other hand, there may be differences, but 
not significant ones because the manipulation of body orientation 
in Experiment 2 may not have been large enough. One potential 
investigation to resolve this issue would be to examine 
performances in a completely supine orientation vs. an upright 
orientation while controlling for body configuration. 
While it may also be suggested that non-significant 
differences in cycling performance in Experiment 2 may be 
attributed to differences in body configuration (joint angles) in 
the three different orientations, repeated measure MANOVAs 
indicated that at the .01 significance level, there were few 
significant differences across conditions. It was determined 
that only the mean and maximum ankle angles were significantly 
different at the .01 level. But at the .05 level of 
significance the: (1) mean and maximum hip angles; (2) mean and 
minimum knee angles; and (3) minimum and range of motion of the 
ankle angles were also significantly different. At the .10 
level of significance, all angles were significantly different 
except for the hip and knee angle range of motion. However, the 
slight trend of increasing knee angles with increasing body 
orientation (Table 14) may not affect cycling performance. 
Titlow, Ishee and Anders (1986) reported no significant 
differences in exercise heartrate or maximal oxygen consumption 
when comparing three cycling knee angles (135-140 degrees, 
155-160 degrees and 175-180 degrees). While it could be argued 
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that the lack of significant differences in the present 
experiment was due to an insufficient range of body orientation 
or a lack of statistical power, opinions of subjects regarding 
the ease of cycling in different orientations did not suggest 
this. In general, subjects felt the 120 degree orientation to be 
the most comfortable and the 60 degree orientation to be the 
least comfortable. The greater discomfort in the 60 degree body 
orientation appears to be attributed to the hip and waist straps 
needed to constrain the subjects in the appropriate cycling 
posture. This would then negate any benefits the greater forward 
body lean angle that the 60 degree body orientation may have 
in: (1) relieving the weight of the arms and shoulder girdle 
from the thorax; and (2) easing chest expansion, thereby 
enhancing pulmonary ventilation potential and possibly decreasing 
the energy requirement for respiration as described by Faria et 
al. (1978). To compensate for this discomfort by the straps, 
subjects were allowed to use their hands for support. However, 
subjects stated that as the test progressed with incrementing 
workloads, cycling in the 120 degree orientation became more 
difficult than cycling in the 60 degree orientation. It would 
appear that greater comfort when cycling in the 120 degree body 
orientation is countered by the greater effort needed to overcome 
the weight of the legs as well as the frictional load despite the 
more favorable hemodynamic orientation. On the other hand, 
greater discomfort when cycling in the 60 degree body orientation 
appeared to be compensated by the weight of the legs acting in the 
line of gravity, despite the lower relative weight contribution 
to the overall force needed at greater workloads. Therefore, with 
all factors considered in the three different body orientations, 
there may not be any significant differences in cycling 
performance due to differences in body orientation as eluded to 
earlier in the discussion. 
To examine whether this non-significance was attributed to an 
insufficient sample size, the power of the repeated measures 
statistic on total work output was determined using the 
calculations and tables from Kirk (1982). Based on the use of 3 
conditions (60, 90 and 120 degree body orientation) and 10 
subjects, the power of the statistic was determined to be 
approximately .25 at the .05 level of significance and .10 at the 
.01 level of significance. To obtain a power of .80, 
approximately 35 subjects would have been required with three 
experimental conditions. The low power found is a result of the 
small difference between means of the different body orientations 
relative to the high standard deviations of each body 
orientation. If the difference of means between any two body 
orientation conditions were 10% of the total work output (i.e., 
1500 kpm); the calculated power would be .75. The largest 
difference of means in total work output between any two body 
orientation condition in Experiment 2 was 1112 kpm. The 
calculated power for differences between these two conditions 
was .50. As can be observed from Table 20, the small 
difference between means of the different body orientations 
relative to the high standard deviation of each body orientation 
would suggest that, within the limitations of Experiment 2, the 
effect of body orientation on cycling performance is minimal. 
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Conclusions 
Based on the available literature, it was believed that any 
deviation in body orientation from the upright to the supine 
would result in decreased cycling performance. However, from the 
results of this second experiment, it was concluded that: (1) 
within the limitations of this investigation, changes in body 
orientation do not have a large effect on cycling performance; 
and (2) changes in body position and configuration are factors 
which are more important to consider than body orientation when 
maximizing cycling performance as defined by maximal energy 
expenditure and total work output. 
V. GENERAL DISCUSSION 
The results of Experiments 1 and 2 provide insights to a 
number of issues raised in this investigation. In order to 
discuss the implications of the present findings, the results 
from each experiment will be examined in light of previous 
research and implications for future research will be presented. 
Experiment 1 
In Experiment 1, the most effective cycling position was the 
75 degree position, as defined by maximal oxygen consumption, 
energy expenditure, and total work output. Although the focus of 
Experiment 1 was not on a comparison between the 100 degree and 
25 degree position (59.8 and 113.4 degree mean hip angle, 
respectively), a discussion and comparison will be made regarding 
these two positions/configurations to data reported in the 
literature. If a comparison of the data and results of 
Experiment 1 are similar to the data and results reported in the 
literature, then: (1) it can be assumed that the data and 
results of the other cycling positions/configurations in 
Experiment 1 have also been correctly determined; and (2) that 
future studies in the literature will reveal similar results. If 
dissimilar results and/or trends are found when compared to the 
literature, then based on the present data, caution should be 
taken when making inferences and generalizations of body 
positions/configurations not yet examined in the literature. 
Previous reports (Diaz et al., 1978) have indicated that 
maximal oxygen consumption is greater in an upright position 
compared to a position where the torso is upright and the legs 
horizontally extended. Submaximal oxygen consumption at 360 and 
720 kpm, however, were similar. Because the maximal oxygen 
consumption were different for the two body 
position/configuration tested, a relative oxygen consumption 
measure was calculated (oxygen consumed relative to the maximal 
value at each position). Diaz et al. (1978) found that at each 
submaximal level, the low sitting position produced a higher 
oxygen consumption level relative to the maximum for that 
condition (33% and 55% vs. 30% and 52% for the upright position). 
Assuming that the low sitting and upright position reported by 
Diaz et al. (1978) is analogous to the 100 degree and 25 degree 
position (59.9 and 113.4 degree mean hip angle) in this 
experiment, respectively; then observations of relative energy 
expenditure at submaximal workloads of 360 and 720 kpm/min should 
show similar effects. Table 22 provides the relative energy 
expenditure at each body position and supports earlier findings 
that the 25 degree upright position results in a lower relative 
energy cost than the 100 degree low sitting position, but not 
less than the 75 degree position. Regardless of whether this 
analogy is appropriate or not, observations of Table 22 reveal 
that similar absolute energy expenditures at a submaximal workload 
between different body positions does not necessarily ensure 
similar relative energy expenditures (e.g., comparing the 
absolute and relative energy expenditures of the 25 and 75 degree 
positions at both 360 and 720 kpm; or the 0 and 100 degree 
positions at 720 kpm). It should be noted that at submaximal 
workloads, a greater oxygen consumption and/or a greater absolute 
or relative energy expenditure means a less effective cycling 
position/configuration and not a more effective one. This less 
effective cycling position/configuration is most likely 
attributed to changes in muscle length, muscle moment arm length 
and the resulting interactions from changes in body 
position/configurations. 
Because efficiency is calculated from energy expenditure and 
work output, similar efficiency values between the two cycling 
positions for each submaximal workload were reported by Diaz et 
al. (1978). In the present investigation, very similar work 
efficiency values were also found between the 100 and 25 degree 
position (59.9 degree and 113.4 degree configuration) at a 
submaximal workload of 720 kpm and somewhat similar results were 
found at a workload of 360 kpm (Table 23). 
It appears from the results of Experiment 1 that the most 
effective cycling body position/configuration will be the one 
that results in the lowest absolute and relative energy 
expenditure (oxygen consumption) for any given workload, as well 
as result in the largest work output. The greater the workload 
or total work output, the greater will also be the oxygen 
consumption and energy expenditure values. However, the 
resulting efficiency values at submaximal workloads do not seem 
to be reflective of this. Therefore, it may be concluded that 
values of energy expenditures and efficiency are not necessarily 
similar, nor do they reflect the same trend or provide similar 
information with changes in body position/configuration. 
Although both are determined from oxygen consumption values, for 
any submaximal workload, the relative energy expenditure is 
affected by the maximal oxygen consumption values (upper 
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Table 22 
Absolute and Relative Energy Expenditure at 360 and 720 kpm 
Seat Tube Angle (deg) 0 25 50 75 100 
(Mean Hip Angle) (130.9) (113.4) (100.0) (76.8) (59.9) 
Energy Expenditure at 360 kpm 
Absolute (kcal/min) 5.857 
Relative (%) 37.07 
Energy Expenditure at 720 kpm 
Absolute (kcal/min) 10.029 
Relative (%) 63.47 
5.571 5.186 5.643 6.243 
30.95 26.87 28.50 33.75 
9.343 8.843 8.843 9.729 
51.91 45.82 44.66 52.59 
Table 23 
Work Efficiency at 360 and 720 kpm 
Seat Tube Angle (deg) 0 25 50 75 100 
(Mean Hip Angle) (130.9) (113.4) (100.0) (76.8) (59.9) 
360 kpm Mean (%) 25.26 29.51 31.59 28.91 27.87 
(SD) (4.385) (4.803) (5.878) (3.631) (6.352) 
720 kpm Mean (%) 22.44 25.50 26.53 27.54 25.71 
(SD) (2.589) (2.567) (2.599) (2.214) (3.183) 
Note: These, work efficiency values are at steady state and 
during the last minute at each workload. 
boundary) for a given body position/configuration whereas net and 
work efficiency will be affected by metabolic baseline values 
(lower boundary). 
In examining studies investigating physiological responses 
and performance in different cycling body positions, 
configurations, and orientations (i.e., studies examining supine 
vs. upright, forward leaning vs. upright) certain observations 
become apparent when comparisons are. made between more effective 
cycling positions with less effective ones. More effective 
cycling positions appear to result in: (1) greater maximal work 
output and maximal oxygen consumption; (2) for any given relative 
percentage of an individual's physical work capacity or oxygen 
consumption, the absolute values of work output or oxygen 
consumption will be greater; and (3) lower relative oxygen 
consumption values for any given workload. 
Experiment 2 
In this experiment, no significant differences were found in 
cycling performance with different body orientations, whereas 
significant differences were generally found in investigations 
comparing upright and supine orientations. It is difficult to 
compare the results of Experiment 2 with other investigations 
because: (1) this experiment did not examine a supine 
orientation; and (2) the majority of investigations comparing 
cycling performance with different body orientations have only 
examined the upright and supine orientation. It is unknown as to 
whether significant differences would have been found in the 
present investigation if a supine orientation had been used. 
From the results of this investigation, it is believed that body 
orientation is not as important to cycling performance, as defined 
by total work or maximal energy expenditure output, as body 
configuration. Although significant differences in maximal 
oxygen consumption and work output between upright and supine 
positions were reported in the literature (Convertino et al., 
1984; Timmons, 1981), there were no reports of the body 
configuration (hip, knee, and ankle angles) during the pedalling 
action. Without this information, it is unknown as to whether 
differences in cycling performance between the upright and supine 
orientation were attributed to differences in body configuration, 
body orientation or both. 
For instance, Metz et al. (in press, 1986) reported cycling 
duration to be consistently greater in a standard bicycle than in 
a supine recumbent bicycle. However, observation of the 
illustration of a cyclist in the supine recumbent bicycle used, 
suggests that the body configuration during the pedalling motion 
is quite different than the body configuration when cycling in a 
standard bicycle. A photograph of a supine position used by 
Stenberg, Astrand, Ekblom, Royce and Saltin (1967) also suggests 
that the cycling body configuration used in the supine position 
was different from the body configuration when cycling upright. 
Similar changes in oxygen uptake have been reported with a 
change in forward lean due to the use of a top bar or drop bar 
cycling position (Faria et al., 1978). The drop bar position was 
stated to place the body in a 10 degree greater forward lean than 
in the top bar position. Although Faria et al. (1978) believed 
this greater forward lean relieved the weight of the arms and 
shoulder girdle from the thorax, which in turn, eased chest 
expansion and enhanced pulmonary ventilation potential; it is 
unknown as to whether this increased forward lean also changed 
the body configuration (i.e., hip angle). As in other 
investigations, because joint angles in the different cycling 
positions were not reported, it is unknown as to whether cycling 
performance differences were really attributed to changes in body 
configuration as a result of this 10 degree change in the drop 
bar position rather than changes in the body orientation. 
Unresolved Issues 
A number of issues related to human powered vehicles remain 
controversial and are unresolved. These include: (1) the 
appropriateness of efficiency measurements; (2) optimal seat to 
pedal distance; and (3) whether there is a unique optimal cycling 
body position, configuration, and orientation. 
Efficiency measurements. In the literature, the definition 
and use of efficiency as a measure of performance remains 
controversial and unresolved. From the results of this 
investigation, there is a question as to the appropriateness of 
using efficiency as a measure of cycling performance. For 
instance, significant differences (p < .01) were found in total 
work output, maximal energy expenditure and submaximal energy 
expenditure at 720 kpm with changes in body 
position/configuration; but none were found for work efficiency 
at submaximal workloads of 360 and 720 kpm. In addition, no 
significant differences (p > .01) were found in total work 
output, maximal energy expenditure, submaximal energy expenditure 
at 360 and 720 kpm with changes in body orientation; but 
significant differences were found for work efficiency at a 
workload of 360 kpm (p < .01). Because of these dissimilar 
results, there are questions as to whether work efficiency is an 
appropriate measure of cycling performance. Perhaps work 
efficiency is not as appropriate a measure of cycling performance 
as had originally been assumed and perhaps gross or net 
efficiency are more appropriate measures. However, the validity 
of using any measure of efficiency as an indicator of cycling 
performance is debatable because different efficiency measures 
appear to behave differently with changes in workloads and 
pedalling frequencies. 
It is unknown as to the effect of varying workload and 
power output by changing frictional load and pedalling 
frequencies on efficiency values. It is possible that the 
pedalling frequencies may not have been optimal for the workloads 
selected, or the increment in work output may have been too large 
from workload to the next. Although the test 
protocol was standardized for all test conditions, this is still 
an issue of concern that is unresolved. Therefore, the 
appropriateness and validity of using efficiency as a measurement 
cycling performance is debatable, and results of efficiency 
measurements should be interpreted with this issue in mind. 
Optimal seat to pedal distance. In the literature, various 
investigators have reported optimal cycling seat to pedal 
distances for aerobic work and anaerobic work in the standard 
upright position. It is unknown as to whether the same seat to 
pedal distances are also optimal for non-standard upright cycling 
positions. In Experiment 1, it was assumed that the 100% 
trochanteric leg length seat to pedal distance selected was 
optimal for all five body positions/configurations. Manipulating 
both the seat tube angle and seat to pedal distance alters the 
body configuration which result in changes in cycling 
performance. There is insufficient information to determine 
whether changes in seat tube angles or seat to pedal distance 
have the greater effect on body configuration and cycling 
performance. Standardizing the seat to pedal distance, regardless 
of whether the distance is optimal or not, does allow for control 
of one more potentially confounding variable, but does not 
provide an answer to this question. 
In Experiment 2, with systematic changes in body orientation 
and a fixed seat tube angle, it is questionable as to whether 
the seat to pedal distance should be standardized. The results 
of Experiment 2 indicate that a standardized seat to pedal 
distance allowed at least some minimal change in body 
configuration in different body orientations. There was a 
shifting of the cyclist forward or backward on the seat depending 
on the body orientation, resulting in an alteration of body 
configuration. An important question is whether the seat to 
pedal distance should be varied in order to maintain an optimal 
body configuration, or whether an optimal seat to pedal distance 
should be maintained, allowing the body configuration to vary 
with changes in body orientation. Presently, there is 
insufficient evidence to determine whether an optimal seat to 
pedal distance in the upright orientation is also optimal in 
other body orientations. Without this information, it is unknown 
as to whether differences in cycling performance with changes in 
body orientation are attributed to differences in body 
configuration because of an inability to control configuration by 
using a standardized seat to pedal distance. 
Optimal cycling body position, configuration, or.lentatjpo. 
The question of what is the optimal body position, configuration, 
and orientation which maximizes cycling performance has been 
addressed, examined, and partially answered in this 
investigation. To maximize cycling performance (i.e., setting a 
new speed and/or distance record for a human powered vehicle) 
would require a body position and/or orientation which minimizes 
aerodynamic drag, yet result in a body configuration which 
maximizes total work output, workload, cycling duration and/or 
power output. This is assuming, of course, that all other 
variables selected have also been optimized (e.g., seat to pedal 
distance, crankarm length). In this investigation, the 
aerodynamic component was not addressed, and therefore the 
optimal body position, configuration, and orientation necessary 
to maximize cycling performance (as defined by a new speed and/or 
distance record for a human powered vehicle) is unknown. 
However, the body position and configuration which maximizes 
cycling performance, as defined by total work output and maximal 
energy expenditure, has been partially answered in this 
investigation. From Experiment 1, with an upright body 
orientation, the optimal seat tube angle and mean hip angle 
maximizing cycling performance appears to have ranges of 50-75 
degrees and 76.8-100 degrees, respectively. But it is unknown as 
to how a cyclist would perform in these body positions and 
configurations with different body orientations; or how these 
cycling positions and configurations would interact with changes 
in body orientations. Experiment 2 was unable to provide 
conclusive evidence to resolve this issue because of the 
variability in body configuration with changes in body 
orientation while controlling for seat to pedal distance and seat 
tube angle. The difference and variability of body configuration 
in the three body orientations may have resulted in a more (or 
less) effective muscle length and moment arm length interaction 
in one orientation than in another. Whether this speculation is 
correct or not is unknown, because Experiment 1 did not provide 
conclusive evidence that one body position/configuration is 
significantly better than all the others. The results taken 
together suggests that there is a definite range of cycling body 
positions/configurations which results in superior cycling 
performance and that changes in orientation have a minor effect 
on cycling performance. 
Implications for Future Research 
Based on the results of this investigation and the uniqueness 
of the testing apparatus, there are many applied questions 
regarding cycling performance which may be asked, have been 
asked, and now can be investigated and answered. For instance, 
the equivocation of whether cycling performance in the upright is 
superior to cycling in the supine has still not been adequately 
addressed or resolved. It is also unknown as to how changes in 
body position, configuration, and orientation will affect 
anaerobic power and anaerobic capacity in cycling. This is an 
important issue to consider if new speed records in human powered 
vehicles are to be established. What is the body position, 
configuration, and orientation that will minimize aerodynamic 
drag while maximizing cycling performance as related to power and 
work capacity? How will changes in in crankarm length and seat 
to pedal distance affect body configuration and cycling 
performance in different body positions and orientations? What 
are the pedalling cadences that will maximize total work output 
and minimize energy expenditure for different workloads in 
different body positions, configurations, and orientations? Will 
the pedalling frequencies and workloads that maximize total work 
output be the same for different body configurations or will they 
be different? Will there be an interaction effect with pedalling 
cadences and workloads in different body configurations? Would 
this also be true with the same body configuration but different 
body orientations? What would be the frictional resistance that 
will result in the largest anaerobic power output for different 
body configurations and/or orientations? 
From a more theoretical perspective, the results from this 
investigation have provided information regarding the net effect 
of interactions of the muscle lengths and muscle moment arm 
lengths of various muscle groups crossing several joints during a 
dynamic cyclic activity. There are, however, many unanswered 
questions as to the net effect of manipulation of muscle lengths 
and/or muscle moment arm lengths of multi-joint muscles in 
different ranges of motion through changes in seat to pedal 
distances, crankarm lengths, body configuration, body position, 
or any combination of these variables. For example, can a change 
in seat to pedal distance be compensated by a corresponding 
change in crankarm length in conjunction with a change in body 
configuration? This would generate the same muscle length range 
in the tension length curve, with some muscle moment arm length 
over some specified joint angles. 
From a combined biomechanical and physiological perspective, 
there are still many unanswered questions regarding the 
hemodynamic blood flow contribution to cycling performance 
interacting with the body weight contribution to force production 
at different body orientation. First of all, is there an 
interaction effect? Secondly, what is the body weight 
contribution to force production at different body orientations 
and/or hemodynamic effects regarding venous return and stroke 
volume while exercising with incrementing workloads and/or 
pedalling frequencies? Answers to some of these questions would 
require instrumented force pedals in conjunction with impedance 
cardiography and other biomechanical and physiological 
measurements. 
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APPENDIX A 
MEASUREMENT OF BODY POSITION, CONFIGURATION AND ORIENTATION 
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Body Position 
(seat tube angle) 
Body Configuration 
(hip angle) 
Body Orientation 
(trunk angle or seat backrest angle) 
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APPENDIX B 
VOLUNTARY PARTICIPATION AND INFORMED CONSENT 
University of Illinois at Urbana-Champaign 
Department of Physical Education 
VOLUNTARY PARTICIPATION AND INFORMED CONSENT 
The Effect of Body Position, Configuration, and Orientation 
on the Energy Expenditure, Efficiency, and 
Total Work Output of Cycling. 
Purpose 
The purpose of this investigation is to determine, through 
the use of physiological variables, how changes in body positions 
(seat tube angles), body configurations (hip angles) and body 
orientations will affect the energy expenditure, efficiency, and 
total work output in a cycling task. 
Procedures 
The information for the study will be obtained during 5-7 
visits to the laboratory. Each visit will be approximately one 
hour in duration. Information and data will be collected as 
described below. 
1. Prior to testing, during the first session, questionnaires 
will be administered regarding your work habits, physical 
activity level, health history, and health status. The 
following morphological measures will also be obtained: 
height, weight, total leglength, upper and lower leglengths, 
as well as other anthropometric measurements of the lower 
extremity. This session will be used to familiarize you with 
the procedures for the next 4-6 sessions. 
2. Prior to each test session, a 24 hour recall questionnaire of 
health, diet, and physical activity patterns will be 
administered. 
3. The study will involve 4-6 one hour laboratory sessions on 
different days. A different cycling body position/orientation 
will be tested each session on a bicycle ergometer. There 
will be a minimum of 48 hours rest between test sessions. 
For each position/orientation, your range of hip and knee 
flexion-extension angles will be mear'.Jred for one pedal cycle. 
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Still photographs of you may be taken in each 
position/orientation tested. During each test session, you 
will be videotaped from the side to obtain a visual record of 
the pedalling motion of each cycling position/orientation. 
Oxygen consumption data will be collected at rest for 5 
minutes and for 3 minutes during 4 different unloaded 
pedalling frequencies (60, 70, 75, and 80 rpms). The test 
protocol will involve a pre-selected sequence of workloads 
with increments occurring every 3 minutes. The test will 
terminate when you can no longer maintain the prescribed 
workload, or when you voluntarily indicate you can no longer 
maintain the workload, or go on to the proceeding workload. 
You will then continue to pedal without any resistance to 
facilitate recovery. (EKG monitoring will be continuous and 
necessitates placement of two electrodes; one on the sternum 
and one on the left side of the chest approximately 6 inches 
below the axilla). 
Risks 
Localized muscle fatigue and discomfort towards the end of the 
work capacity test. 
Benefits 
It is hoped that this study will provide a better 
understanding of how different body positions, configurations, 
and orientations affect performance during cycling, and which 
position(s) and/or orientation(s) would best maximize 
efficiency and work output while minimizing energy 
expenditure. 
Participating as a subject offers an educational experience in 
terms of gaining knowledge about one's cardiovascular fitness 
level and the types of measurements involved. 
Consent 
I , hereby freely volunteer 
to serve as a subject in the research described above. I 
acknowledge that I have read and understand the purpose of this 
investigation. I also acknowledge that I am in good physical 
health without any history of cardiac/circulation problems which 
include symptoms such as shortness of breath and/or chest pain. 
All of my questions about the procedures have been answered to my 
satisfaction. 
I have been informed of the benefits and risks involved by 
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the investigator. I understand that I can voluntarily withdraw 
my participation at any time throughout the course of the study 
without any coercion or penalty. I understand that the data will 
be kept confidential (unless given my release) and that the 
results will be available to me on request. 
In the event of physical injury resulting from participating 
in this study, I understand that immediate medical treatment is 
available at the McKinley Health Service. I also understand that 
the University of Illinois will not provide compensation for any 
injury sustained as a result of participation in this research 
except as required by law. 
I hereby certify that I am over 18 and under 35 years of age 
and that I understand all risks and hazards to me, probable and 
improbable, of participation in this research. 
Signature of Volunteer Date 
Signature of Investigator Date 
Release 
hereby authorize the 
release of my data collected in this investigation. I understand 
that the videotape data and still photographs, if used, will only 
be for illustrative purposes (i.e., to provide clarity of the 
different positions/orientations) and that there is no 
remuneration for this usage. 
Signature of Volunteer Date 
If you have any questions, contact: 
Danny Too 
Biomechanics Research Laboratory 
241 Freer Hall 
906 S. Goodwin 
Urbana, Illinois, 61801 
Phone: (Lab) 333-6615 (Home) 332-4733 
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PRE-STUDY SURVEY 
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PRE-STUDY SURVEY 
The information requested in the survey below is important in 
interpreting the results of the testing. Please complete all the 
requested information carefully. All information will be treated 
in the strictest confidence. If you do not wish to provide 
certain information, please print "omit" at that question. Thank 
you for your participation. 
A. GENERAL INFORMATION 
Name 
Address 
Phone number 
Today's date 
Sex Race 
Birthdate 
Age 
B. HEALTH INFORMATION 
1. Is there any family history (parents, siblings, etc.) 
of: 
a. 
b. 
c. 
d. 
e. 
f. 
g-
Diabetes 
Heart attack over 60 
Heart attack under 60 
High blood pressure 
requiring medical treatment 
Gout 
Glaucoma 
Leukemia 
NO 
1 
1 
1 
1 
1 
1 
1 
YES 
2 
2 
2 
2 
2 
2 
2 
DON'T 
KNOW 
3 
3 
3 
3 
3 
3 
3 
2. Have you ever been diagnosed as having: 
a. 
b. 
c. 
d. 
e. 
f. 
g-
h. 
i. 
PAST 
NEVER ONLY 
Heart disease 
Rheumatic fever 
Heart murmurs 
High blood pressure 
Low blood pressure 
Irregular heart beats 
Other vascular disorders 
Specify: 
Diabetes 
Frequent colds 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
PRESENTLY 
3 
3 
3 
3 
3 
3 
3 
3 
3 
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j . 
k. 
1. 
m. 
n. 
o. 
P-
q. 
r. 
s. 
t. 
Asthma 
Emphysema : 
Allergies 
Pneumonia 
Frequent headaches ] 
Polio ] 
Muscle spasms 
Other muscle disorders 
Back problems 
Joint problems 1 
Specify: 
Renal disease 1 
L 2 
L 2 
L 2 
L 2 
L 2 
L 2 
L 2 
L 2 
L 2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3. Do you take medication regularly? (Pease circle) 
Not at all Daily Weekly Monthly 
What type of medication do you take? 
4. When was your last medical examination? 
(month/year) 
ACTIVITY/LIFESTYLE INFORMATION 
1. How many hours sleep do you get per night? 
2. Planned exercise: how frequently have you engaged in 
planned exercise during the last year? 
a. Not at all 
b. Occasionally during the year or season 
c. 1-4 times per month 
d. 2-3 times per week 
e. 4-7 times per week 
3. In what types of exercise do you regularly participate? 
(Circle appropriate activities and briefly describe on 
right), 
HOW HARD = pace (distance/time) or type of weight 
training (high weight, low reps) 
HOW LONG = total time/workout or distance/workout or 
# of stations and # of sets/station 
HOW OFTEN = workouts/week or workouts/month 
HOW HARD HOW LONG HOW OFTEN 
a. Jogging/Running 
b. Swimming 
c. Cycling 
d. Walking 
e. Weight Training 
Upper body 
lower body 
f. Calisthenics 
g. Singles Games 
Specify: 
h. Doubles Games 
Specify: 
i. Team Games 
Specify: 
j. Golf 
k. Other 
Specify: 
4. Compared to your one year exercise history, in the last 
2 months, has your exercise: 
a. Decreased greatly 
b. Decreased 
c. Remained the same 
d. Increased 
e. Increased greatly 
5. Have you ever competed in varsity sports? 
6. If so, what sports and at what level? (Please circle 
appropriate answers. Also list sports and number of 
years). 
# OF 
SPORT YEARS 
a. Professional/Semi-pro team 
b. International/Olympic team 
c. Lettering on a college team 
d. Member of a college team 
e. Lettering on a high school team 
f. Member of a high school team 
7. Incidental exercise: other than planned exercise or 
recreation, please rate the amount of activity you 
perform as housework, school work, or occupational work 
(work such as gardening, moving furniture, walking, 
etc.). 
a. Very little 
b. Little 
c. Moderate 
d. Active 
e. Very active 
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24-Hour Inventory 
Name Date Time 
Last F i r s t Middle I . 
INSTRUCTIONS: Make sure to f i l l i n each i tem. Use a cross mark (X) to i nd i ca t e 
appropria te i tems, a dash (-) t o i n d i c a t e those you consider not app l i cab le . The 
purpose of the dash (-) I s t o make bure chat no item was overlooked. 
a.m. 
-p.m. 
C?neral Condition: Head Cold , 
Chest Cold 
Nasal Congest ion. 
Headache 
Sore Throat 
Digest ive Upset 
How do you f e t l ? Good Fa i r (average) Not so good_ 
If not so good, o r bad, spec i fy 
I n t e s t i n a l Disorder . 
General Fatigue 
Muscle Soreness 
Other 
Bad 
a.m. Time a r i s i n g . «•»• No. Hours p.m. 
&£S£ 
Sleep l a s t n igh t : Time to bed__ 
Qual i ty : Wakeful R e s t l e s s Normal Very Sound_ 
Bed Rest Today: Yes No I f y e s , time to bed Time up. 
Food Intake 
No Hours 
Last Meal: Time S t a r t i n g • . « . Time Ending g.m. Time Since End_ 
L i s t kind and amount of food: 
Kind Amount. Kind Amount 
Food and Liquid Intake Since Last Meal: Yes No_ 
I f Yes: Time Kind Amount 
^lcohol Yes No I f Yes, i n d i c a t e kind, amount and time 
Time Kind Amount 
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Medicine and Drugs Yes No 
Indicate medicines taken in the past 24 hours: kind, amount, time of day-
Kind Amount Time 
Tobacco Yea__ No 
If JTejs., indicate kind, amount, time 
Kind Amount Time 
Physical Activity. 
Has your physical activity pattern; over the past 24 hours been: 
Very vigorous Vigorous Normal Below normal Vexy mild 
Give further de ta i l s , indicating the kinds of act ivi ty engaged In over the 
past 24 hours: 
Check 
Kind and Length of Time Yesterday Today Time of Dav 
OTHER: Please indicate any unusual circumstances which might affect the data 
collected, e.g., a difficult experience, etc. If confidential, merely indicate 
way In which you have.been affected. 
JSHM/ds 
12/11/73 
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RANDOM SELECTION OF TEST SEQUENCES 
RANDOM SELECTION OF TEST SEQUENCES 
EXPERIMENT 1: Body Positions 
Subject Test Session # 
# 1 2 3 4 5 6* 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
100 
0 
50 
50 
50 
25 
75 
25 
25 
0 
0 
50 
100 
100 
0 
75 
75 
25 
0 
100 
75 
0 
100 
50 
50 
100 
100 
100 
75 
50 
25 
25 
0 
75 
25 
0 
25 
75 
25 
75 
100 
75 
50 
75 
50 
25 
75 
100 
25 
100 
75 
25 
100 
100 
50 
100 
75 
50 
75 
25 
25 
0 
50 
50 
50 
50 
100 
75 
0 
50 
0 
0 
0 
25 
25 
0 
0 
75 
100 
0 
100 
100 
100 
50 
100 
25 
100 
25 
100 
75 
0 
50 
0 
0 
50 
75 
EXPERIMENT 2: Body Orientations 
Subject Test Session # 
1 
115 
90 
115 
115 
90 
65 
65 
90 
65 
90 
2 
90 
115 
65 
90 
65 
90 
90 
65 
115 
65 
3 
65 
65 
90 
65 
115 
115 
115 
115 
90 
115 
* Additional maximal test at a randomly assigned body 
position/orientation to aid in the determination of subject 
variability and test-retest reliability. 
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APPENDIX F 
EXPERIMENT 1: STATISTIC SUMMARY TABLES 
Experiment 1: Position by Cadence ANOVA for 30 
Seconds of Unloaded Conditions 
Source of Variation Sum of 
Squares Df 
Mean 
Square 
Signif 
of F 
Main Effects 
Cadence 
Position 
2-Way Interaction 
Cadence x Position 
Explained 
Residual 
Total 
164.988 
139.477 
25.510 
8.510 
8.510 
173.498 
166.846 
340.344 
8 
4 
4 
16 
16 
24 
375 
399 
20.623 
34.869 
6.378 
.532 
.532 
7.229 
.445 
.853 
46.353 
78.371 
14.334 
1.195 
1.195 
16.248 
.001 
.001 
.001 
.269 
.269 
.001 
(Note: 2-Factor ANOVA was on the last 30 second interval of each 
cadence). 
Experiment 1: Position by Cadence ANOVA for 3 
Minutes of Unloaded Conditions 
Source of Variation 
Main Effects 
Cadence 
Position 
2-Way Interaction 
Cadence x Position 
Explained 
Residual 
Total 
Sum of 
Squares 
1338.521 
1109.234 
229.287 
50.657 
50.657 
1389.178 
1162.383 
2551.561 
Df 
8 
4 
4 
16 
16 
24 
375 
399 
Mean 
Square 
167.315 
277.308 
57.322 
3.166 
3.166 
57.882 
3.100 
6.395 
F 
53.978 
89.463 
18.493 
1.021 
1.021 
18.674 
Signif 
of F 
.001 
.001 
.001 
.433 
.433 
.001 
(Note: 2-Factor ANOVA was for 3 minutes of each cadence). 
Experiment 1: Energy Expenditure Repeated Measures 
MANOVA Summary Table at 360 kpm 
Source of Variation 
Subject 
Seat Tube Angle 
Subject x 
Seat Tube Angle 
Multivariate signifi 
Sum of 
Squares 
12.548 
11.131 
17.781 
.cance of F = 
Df 
14 
4 
56 
.01034 
Mean 
Square 
.103 
2.783 
.318 
F 
8.763 
Signif 
of F 
0 
Experiment 1: Energy Expenditure Repeated Measures 
MANOVA Summary Table at 720 kpm 
Source of Variation 
Subject 
Seat Tube Angle 
Subject x 
Seat Tube Angle 
Multivariate sit 
Sum of 
Squares 
22.027 
17.405 
30.603 
mificance of F = 
Df 
14 
4 
56 
.00179 
Mean 
Square 
1.573 
4.351 
.546 
F 
7.962 
Signif 
of F 
0 
Experiment 1: Maximal Energy Expenditure Repeated 
Measures MANOVA Summary Table 
Source of Variation Sum of 
Squares Df 
Mean 
Square 
Signif 
of F 
Subject 
Seat Tube Angle 
Subject x 
Seat Tube Angle 
911 
155 
72 
437 
026 
734 
14 
4 
56 
65 
38 
1 
103 
756 
299 
29.839 
Multivariate significance of F = .00007 
Experiment 1: Work Efficiency Repeated Measures 
MANOVA Summary Table at 360 kpm 
Source of Variation 
Subject 
Seat Tube Angle 
Subject x 
Seat Tube Angle 
Multivariate signifi 
Sum of 
Squares 
725.755 
115.756 
933.952 
Lcance of F = 
Df 
13 
4 
52 
.34044 
Mean 
Square 
55.827 
28.939 
17.961 
F 
1.611 
Signif 
of F 
.19 
Experiment 1: Work Efficiency Repeated Measures 
MANOVA Summary Table at 720 kpm 
Source of Variation 
Subject 
Seat Tube Angle 
Subject x 
Seat Tube Angle 
Multivariate sig 
Sum of 
Squares 
296.227 
78.464 
347.956 
nificance of F = 
Df 
14 
4 
56 
.09879 
Mean 
Square 
21.159 
19.616 
6.214 
F 
3.157 
Signif 
of F 
.02 
Experiment 1: Total Work Output Repeated Measures 
MANOVA Summary Table 
Source of Variation Sum of 
Squares Df 
Mean 
Square 
Signif 
of F 
Subject 
Seat Tube Angle 
Subject x 
Seat Tube Angle 
26.4 E +08 
9.3 E +08 
14 
4 
1.9 E +08 
2.3 E +08 33.99 0 
3.8 E +08 56 6.8 E +06 
Multivariate significance of F = .00008 
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Experiment 1 
Test-Retest Zero Order Correlations and Paired T-Tests 
n = 16 
r = correlation 
p = t-test probability level 
Hip Angle 
r 
(P) 
Knee Angle 
r 
(P) 
Knee Angle 
r 
(P) 
Mean 
.9967 
(.699) 
Mean 
.9465 
(.617) 
Mean 
.7741 
(.316) 
Minimum 
.9875 
(.401) 
Minimum 
.5214 
(.082) 
Minimum 
.5707 
(.011) 
Maximal Aerobic Energy Expenditure 
r .8626 
(p) (.846) 
Total Work Output 
(P) 
Maximal Workload 
r 
(P) 
Cycling Duration 
r 
(P) 
.906 
(.489) 
.9105 
(.321) 
.922 
(96) 
Maximum 
.9749 
(.940) 
Maximum 
.4674 
(.870) 
Maximum 
.7383 
(.640) 
Range 
.5591 
(.416) 
Range 
.3197 
(.561) 
Range 
.5799 
(.093) 
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APPENDIX G 
EXPERIMENT 2: STATISTIC SUMMARY TABLES 
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Experiment 2: Body Orientation by Cadence ANOVA for 
30 Seconds of Unloaded Conditions 
Source of Variation 
Main Effects 
Cadence 
Orientation 
2-Way Interaction 
Cadence x 
Orientation 
Explained 
Residual 
Total 
Sum of 
Squares 
104.718 
104.604 
.114 
2.747 
2.747 
107.465 
44.221 
151.686 
Df 
6 
4 
2 
8 
8 
14 
135 
149 
Mean 
Square 
17.453 
26.151 
.057 
.343 
.343 
7.676 
.328 
1.018 
F 
53.281 
79.835 
.174 
1.048 
1.048 
23.434 
Signif 
of F 
.001 
.001 
.841 
.403 
.403 
.001 
(Note: 2-Factor ANOVA was on the last 30 second interval of each 
cadence). 
Experiment 2: Body Orientation by Cadence ANOVA for 
3 Minutes of Unloaded Conditions 
Source of Variation 
Main Effects 
Cadence 
Orientation 
2-Way Interaction 
Cadence x 
Orientation 
Explained 
Residual 
Total 
Sum of 
Squares 
860.007 
848.569 
11.438 
13.926 
13.926 
873.933 
331.513 
1205.446 
Df 
6 
4 
2 
8 
8 
14 
135 
149 
Mean 
Square 
143.334 
212.142 
5.719 
1.741 
1.741 
62.424 
2.456 
8.090 
F 
58.369 
86.389 
2.329 
.709 
.709 
25.420 
Signif 
of F 
.001 
.001 
.101 
.683 
.683 
.001 
(Note: 2-Factor ANOVA was for 3 minutes of each cadence). 
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Experiment 2: Energy Expenditure Repeated Measures 
MANOVA Summary Table at 360 kpm 
Source of Variation 
Subject 
Orientation 
Subject x 
Orientation 
Sum of 
Squares 
7.974 
1.178 
5.615 
Df 
9 
2 
18 
Mean 
Square 
.886 
.589 
.312 
F 
1.888 
Signif 
of F 
.18 
Multivariate significance of F = .20345 
Experiment 2: Energy Expenditure Repeated Measures 
MANOVA Summary Table at 720 kpm 
Source of Variation 
Subject 
Orientation 
Subject x 
Orientation 
Sum of 
Squares 
11.107 
.122 
4.958 
Df 
9 
2 
18 
Mean 
Square 
1.234 
.061 
.275 
F 
.221 
Signif 
of F 
.80 
Multivariate significance of F = .78974 
Experiment 2: Maximal Energy Expenditure Repeated Measures 
MANOVA Summary Table 
Source of Variation 
Subject 
Orientation 
Subject x 
Orientation 
Sum of 
Squares 
343.607 
.810 
15.043 
Df 
9 
2 
18 
Mean 
Square 
38.178 
.405 
.836 
F 
.484 
Signif 
of F 
.62 
Multivariate significance of F = .67 
Experiment 2: Work Efficiency Repeated Measures 
MANOVA Summary Table at 360 kpm 
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Source of Vari 
Subject 
Orientation 
Subject x 
Orientation 
Multivariate s 
at ion 
ignifi 
Sum of 
Squares 
458.305 
454.709 
429.585 
.cance of F = 
Df 
9 
2 
18 
.0058 
Mean 
Square 
50.923 
227.354 
23.866 
F 
9.526 
Signif 
of F 
0 
Experiment 2: Work Efficiency Repeated Measures 
MANOVA Summary Table at 720 kpm 
Source of Variat 
Subject 
Orientation 
Subject x 
Orientation 
Multivariate sigi 
ion 
nif] 
Sum of 
Squares 
163.316 
16.214 
90.653 
Lcance of F = 
Df 
9 
2 
18 
.11069 
Mean 
Square 
18.146 
8.107 
5.036 
F 
1.610 
Signif 
of F 
.23 
Experiment 2: Total Work Output Repeated Measures 
MANOVA Summary Table 
Source of Variation Sum of 
Squares Df 
Mean 
Square 
Signif 
of F 
Subject 
Orientation 
Subject x 
Orientation 
13.3 E +08 
6.2 E +06 
2.3 E +07 
9 
2 
18 
1.5 E +08 
3.1 E +06 
1.3 E +06 
2.48 .11 
Multivariate significance of F = .20 
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APPENDIX H 
TEST DATA SHEETS 
TEST DATA SHEETS 
Name 
Birthdate (day/month/year) 
Weight (kg) 
Standing height (cm) 
Total leg length (cm) 
Upper leg length (cm) 
Lower leg length (cm) 
Foot length (cm) 
Symphysis pubis height (cm) 
Circumferences 
Gluteal furrow circumference (cm) 
Distance above floor (cm) 
Maximum thigh circumference (cm) 
Distance above floor (era) 
Minimum above knee circumference (cm) 
Distance above floor (cm) 
Maximum knee joint circumference (era) 
Distance above floor (era) 
Minimum below knee circumference (cm) 
Distance above floor (era) 
Maximum calf circumference (cm) 
Distance above floor (cm) 
Minimum ankle circumference .(era) 
Distance above floor (era) 
Distance of lateral malleolus above floor (era) 
Subject 
_ Age 
with shoes (cm) 
ID 
Subject 
Session Date 
Session Time 
Session Number 
Body Position/Orientation 
Telescoping tube hole # 
Barometric Pressure 
Dry Bulb Temperature 
Wet Bulb Temperature 
Subject Body Weight 
I Minimum 
Subject # 
ram Hg 
C 
C 
kg 
Maximum 
4 
kp 
Hip Angle | 
Knee Angle j 
Ankle Angle | 
MAXIMAL WORK OUTPUT 
CYCLING TIME DURATION (min:sec) 
MAX V02 (mL/kg/min) 
Heartrate (10 seconds) 
Rest 60 
pra 
0 kp 
70 | 75 
rpm |rpm | 80 |rpm 
60 RPM 
1 | 2 
kp | kp 3 kp 3 kp 
70 RF 
3.5 
kp 
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APPENDIX I 
EXPERIMENT 1: DEFINITIONS, SAMPLE SPSS MANOVA PROGRAM 
AND SUMMARIZED DATA 
DEFINITION OF VARIABLE LIST FOR EXPERIMENT 1 
ID 
POS 
ORI 
AGE 
HT 
WT 
HMIN 
HMAX 
HRANGE 
KMIN 
KMAX 
KRANGE 
AMIN 
AMAX 
ARANGE 
V02 
TV02 
TIME 
MAXLOAD 
TOTWORK 
BREST 
B60 
B70 
B75 
B80 
MAXEN 
MAXGROS 
MAXNET 
MAXWORK 
TREST 
T60 
T70 
T75 
T80 
T3EN 
T6EN 
T9EN 
T12EN 
T15EN 
T18EN 
- Subject Identification Number 
Body Position (1 
(2 
0 degree seat tube angle) 
25 degree seat tube angle) 
(3 = 50 degree seat tube angle) 
(4 - 75 degree seat tube angle) 
(5 = 100 degree seat tube angle) 
- Body Orientation (1 = 60 degree) 
(2 = 90 degree) 
(3 = 120 degree) 
- Subjects' age during pre-test session 
- Height 
- Weight 
• Minimum Hip Angle 
- Maximum Hip Angle 
• Hip Angle Range of Motion 
• Minimum Knee Angle 
• Maximum Knee Angle 
• Knee Angle Range of Motion 
• Minimum Ankle Angle 
• Maximum Ankle Angle 
• Ankle Angle Range of Motion 
• Maximal Oxygen Consumption (Max V02) 
Time at which Max V02 occurred 
Cycling Duration 
Maximal Workload 
Total Work Output 
Baseline Resting Energy Expenditure 
Baseline energy expenditure with 0 load at 60 rpm 
during the last 30 seconds 
Baseline energy expenditure with 0 load at 70 rpm 
during the last 30 seconds 
Baseline energy expenditure with 0 load at 75 rpm 
during the last 30 seconds 
Baseline energy expenditure with 0 load at 80 rpm 
during the last 30 seconds 
Maximal Energy Expenditure 
Maximal Gross Efficiency 
Maximal Net Efficiency 
Maximal Work Efficiency 
Total Resting Energy Expenditure (during the last 3 
minutes of rest) 
Total energy expenditure with 0 load at 60 rpm 
Total energy expenditure with 0 load at 70 rpm 
Total energy expenditure with 0 load at 75 rpm 
Total energy expenditure with 0 load at 80 rpm 
Total energy expenditure of the 1st workload (rain 0-3) 
Total energy expenditure of the 2nd workload (rain 3-6) 
Total energy expenditure of the 3rd workload (rain 6-9) 
Total energy expenditure of the 4th workload (rain 9-12) 
Total energy expenditure of the 5th workload (rain 12-15) 
Total energy expenditure of the 6th workload (rain 15-18) 
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T21EN - Total energy expenditure of the 7th workload (rain 18-21) 
T24EN - Total energy expenditure of the 8th workload (rain 21-24) 
T27EN - Total energy expenditure of the 9th workload (rain 24-27) 
T3GR0S - Gross Efficiency of the 1st workload (minutes 0-3) 
T3NET - Net Efficiency of the 1st workload (minutes 0-3) 
T3W0RK - Work Efficiency of the 1st workload (minutes 0-3) 
T6GR0S - Gross Efficiency of the 2nd workload (minutes 3-6) 
T6NET - Net Efficiency of the 2nd workload (minutes 3-6) 
T6W0RK - Work Efficiency of the 2nd workload (minutes 3-6) 
T9GR0S - Gross Efficiency of the 3rd workload (minutes 6-9) 
T9NET - Net Efficiency of the 3rd workload (minutes 6-9) 
T9W0RK - Work Efficiency of the 3rd workload (minutes 6-9) 
T12GR0S - Gross Efficiency of the 4th workload (minutes 9-12) 
T12NET - Net Efficiency of the 4th workload (minutes 9-12) 
T12W0RK - Work Efficiency of the 4th workload (minutes 9-12) 
T15GR0S - Gross Efficiency of the 5th workload (minutes 12-15) 
T15NET - Net Efficiency of the 5th workload (minutes 12-15) 
T15W0RK - Work Efficiency of the 5th workload (minutes 12-15) 
T18GR0S - Gross Efficiency of the 6th workload (minutes 15-18) 
T18NET - Net Efficiency of the 6th workload (minutes 15-18) 
T18W0RK - Work Efficiency of the 6th workload (minutes 15-18) 
T21GR0S - Gross Efficiency of the 7th workload (minutes 18-21) 
T21NET - Net Efficiency of the 7th workload (minutes 18-21) 
T21W0RK - Work Efficiency of the 7th workload (minutes 18-21) 
T24GR0S - Gross Efficiency of the 8th workload (minutes 21-24) 
T24NET - Net Efficiency of the 8th workload (minutes 21-24) 
T24W0RK - Work Efficiency of the 8th workload (minutes 21-24) 
T27GROS - Gross Efficiency of the 9th workload (minutes 24-27) 
T27NET - Net Efficiency of the 9th workload (minutes 24-27) 
T27WORK - Work Efficiency of the 9th workload (minutes 24-27) 
EXP360 - Energy Expenditure during the last minute at a workload 
of 360 kpm 
EFF360 - Work Efficiency during the last minute at a workload of 
360 kpm 
EXP720 - Energy Expenditure during the last minute at a workload 
of 720 kpm 
EFF720 - Work Efficiency during the last minute at a workload of 
720 kpm 
It should be noted that in the VARIABLE LIST of the SPSS 
program, each variable (except ID, POS, and ORI) has a number 
(i.e., 1, 2, 3, 4, or 5) added at the end. This number 
identifies the body position (seat tube angle, where 1 = 0 
degrees, 2 = 25 degrees, 3 = 50 degrees, 4 = 75 degrees, and 5 = 
100 degrees) that the variable represents. 
EXAMPLES: HMIN3 - Minimum Hip Angle with a seat tube angle of 
50 degrees. 
MAXL0AD5 - Maximal Workload with a seat tube angle of 
100 degrees 
T9NET1 - Net Efficiency at the 3rd workload 
(minutes 6-9) with a seat tube angle of 0 
degrees 
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RUN NAME EXPERIMENT 1: CONDESCRIPTIVE, TREND ANALYSIS AND 
MANOVA 
VARIABLE LIST ID, POS, ORI, AGE1, HT1, WT1, HMIN1, HMAX1, 
HRANGE1, KMIN1, KMAX1, KRANGE1, AMIN1, AMAX1, 
ARANGE1, V021, TV021,TIME1, MAXLOAD1, TOTWORK1, 
BREST1, B601, B701, B751, B801, MAXEN1, MAXGROS1, 
MAXNET1, MAXWORK1, TREST1, T601, T701, T751, T801, 
T3EN1, T6EN1, T9EN1, T12EN1, T15EN1, T18EN1, 
T21EN1, T24EN1, T27EN1, T3GR0S1, T3NET1, T3WORK1, 
T6GROS1, T6NET1, T6WORK1, T9GROS1, T9NET1, 
T9WORK1, T12GROS1, T12NET1, T12WORK1, T15GROS1, 
T15NET1, T15WORK1, T18GROS1, T18NET1, T18WORK1, 
T21GROS1, T21NET1, T21WORK1, T24GROS1, T24NET1, 
T24W0RK1, T27GROS1, T27NET1, T27WORK1, EXP3601, 
EFF3601, EXP7201, EFF7201, AGE2, HT2, 
WT2, HMIN2, HMAX2, HRANGE2, KMIN2, KMAX2, KRANGE2, 
AMIN2, AMAX2, ARANGE2, V022, TV022, TIME2, 
MAXLOAD2, T0TW0RK2, BREST2, B602, B702, B752, 
B802, MAXEN2, MAXGROS2, MAXNET2, MAXWORK2, TREST2, 
T602, T702, T752, T802, T3EN2, T6EN2, T9EN2, 
T12EN2, T15EN2, T18EN2, T21EN2, T24EN2, T27EN2, 
T3GROS2, T3NET2, T3WORK2, T6GROS2, T6NET2, 
T6WORK2, T9GROS2, T9NET2, T9W0RK2, T12GROS2, 
T12NET2, T12WORK2, T15GROS2, T15NET2, T15WORK2, 
T18GROS2, T18NET2, T18WORK2, T21GR0S2, T21NET2, 
T21WORK2, T24GR0S2, T24NET2, T24W0RK2, T27GROS2, 
T27NET2, T27WORK2, EXP3602, EFF3602, EXP7202, 
EFF7202, AGE3, HT3, WT3, HMIN3, HMAX3, 
HRANGE3, KMIN3, KMAX3, KRANGE3, AMIN3, AMAX3, 
ARANGE3, V023, TV023, TIME3, MAXLOAD3, TOTWORK3, 
BREST3, B603, B703, B753, B803, MAXEN3, MAXGROS3, 
MAXNET3, MAXWORK3, TREST3, T603, T703, T753, T803, 
T3EN3, T6EN3, T9EN3, T12EN3, T15EN3, T18EN3, 
T21EN3, T24EN3, T27EN3, T3GROS3, T3NET3, T3W0RK3, 
T6GR0S3, T6NET3, T6WORK3, T9GROS3, T9NET3, 
T9WORK3, T12GROS3, T12NET3, T12WORK3, T15GROS3, 
T15NET3, T15WORK3, T18GROS3, T18NET3, T18WORK3, 
T21GR0S3, T21NET3, T21WORK3, T24GR0S3, T24NET3, 
T24W0RK3, T27GROS3, T27NET3, T27WORK3, EXP3603, 
EFF3603, EXP7203, EFF7203, AGE4, HT4, 
WT4, HMIN4, HMAX4, HRANGE4, KMIN4, KMAX4, KRANGE4, 
AMIN4, AMAX4, ARANGE4, VO24, TV024, TIME4, 
MAXL0AD4, T0TWORK4, BREST4, B604, B704, B754, 
B804, MAXEN4, MAXGROS4, MAXNET4, MAXWORK4, TREST4, 
T604, T704, T754, T804, T3EN4, T6EN4, T9EN4, 
T12EN4, T15EN4, T18EN4, T21EN4, T24EN4, T27EN4, 
T3GR0S4, T3NET4, T3W0RK4, T6GROS4, T6NET4, 
T6WORK4, T9GROS4, T9NET4, T9W0RK4, T12GR0S4, 
T12NET4, T12WORK4, T15GROS4, T15NET4, T15WORK4, 
T18GROS4, T18NET4, T18W0RK4, T21GR0S4, T21NET4, 
T21W0RK4, T24GROS4, T24NET4, T24W0RK4, T27GROS4, 
T27NET4, T27WORK4, EXP3604, EFF3604, EXP7204, 
EFF7204, AGE5, HT5,WT5, HMIN5, HMAX5, 
HRANGE5, KMIN5, KMAX5, KRANGE5, AMIN5, AMAX5, 
ARANGE5, V025, TV025, TIME5, MAXLOAD5, TOTWORK5, 
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BREST5, B605, B705, B755, B805, MAXEN5, MAXGR0S5, 
MAXNET5, MAXW0RK5, TREST5, T605, T705, T755, T805, 
T3EN5, T6EN5, T9EN5, T12EN5, T15EN5, T18EN5, 
T21EN5, T24EN5, T27EN5, T3GROS5, T3NET5, T3W0RK5, 
T6GR0S5, T6NET5, T6W0RK5, T9GROS5, T9NET5, 
T9WORK5, T12GR0S5, T12NET5, T12W0RK5, T15GR0S5, 
T15NET5, T15W0RK5, T18GR0S5, T18NET5, T18W0RK5, 
T21GR0S5, T21NET5, T21W0RK5, T24GR0S5, T24NET5, 
T24W0RK5, T27GROS5, T27NET5, T27W0RK5, EXP3605, 
EFF3605, EXP7205, EFF7205 
INPUT MEDIUM CARD 
N OF CASES 16 
INPUT FORMAT FIXED(F2.0,IX, F1.0,1X, F1.0,1X, F2.0,1X, F4.1,1X, 
F4.2,1X, 9(F3.0,1X), 2(F4.2,1X)/ T7, F4.2,1X, 
F4.0,1X, F7.2,1X, 5(F2.1,1X), 4(F3.1,1X), F2.1,1X, 
4(F3.1, 1X)/ T7, 9(F3.1,1X)/ T8, 17(F3.1,1X)/ 
T8,10(F3.1,1X), 4(F3.1, 1X)/ 
T8, F2.0.1X, F4.1.1X, F4.2,1X, 
9(F3.0,1X), 2(F4.2,1X)/ T7, F4.2,1X, F4.O,lX, 
F7.2,1X, 5(F2.1,1X), 4(F3.1,1X), F2.1,1X, 4(F3.1, 
1X)/ T7, 9(F3.1,1X)/ T8, 17(F3.1,1X)/ 
T8,10(F3.1,1X), 4(F3.1, 1X)/ 
T8, F2.0,1X, F4.1,1X, F4.2,1X, 
9(F3.0,1X), 2(F4.2,1X)/ T7, F4.2,1X, F4.0,1X, 
F7.2,1X, 5(F2.1,1X), 4(F3.1,1X), F2.1.1X, 4(F3.1, 
1X)/ T7, 9(F3.1,1X)/ T8, 17(F3.1,1X)/ 
T8,10(F3.1,1X), 4(F3.1, 1X)/ 
T8, F2.0.1X, F4.1.1X, F4.2,1X, 
9(F3.0,1X), 2(F4.2,1X)/ T7, F4.2,1X, F4.0,1X, 
F7.2,1X, 5(F2.1,1X), 4(F3.1,1X), F1.1,1X, 4(F3.1, 
1X)/ T7, 9(F3.1,1X)/ T8, 17(F3.1,IX)/ 
T8,10(F3.1,1X), 4(F3.1, 1X)/ 
T8, F2.0,1X, F4.1,1X, F4.2,1X, 
9(F3.0,1X), 2(F4.2,1X)/ T7, F4.2,1X, F4.0,1X, 
F7.2,1X, 5(F2.1,1X), 4(F3.1,1X), F2.1,1X, 4(F3.1, 
1X)/ T7, 9(F3.1,1X)/ T8, 17(F3.1,1X)/ 
T8,10(F3.1,1X), 4(F3.1, IX) ) 
MISSING VALUES V021 TO MAXLOADl(OOOO)/ T0TW0RK1(0000000)/ 
BREST1 TO BBOl(OO)/ MAXEN1 TO MAXWORKl(OOO)/ 
TRESTl(OO)/ T601 TO EFF7201(000)/ 
T602 TO EFF7202(000)/T603 TO EFF7203(000)/ 
T604 TO EFF7204(000)/ T605 TO EFF7205(000) 
CONDESCRIPTIVE AGE1 TO EFF7205 
STATISTICS ALL 
MANOVA T0TW0RK1,TOTWORK2,T0TW0RK3,T0TW0RK4,T0TW0RK5/ 
WSFACTORS = P0S(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
GNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXEN1,MAXEN2,MAXEN3,MAXEN4,MAXEN5/ 
WSFACTORS = P0S(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(CCR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ GNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXEN1,MAXEN2,MAXEN3,MAXEN4,MAXEN5/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = PCS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXEN1,MAXEN2,MAXEN3,MAXEN4,MAXEN5/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) HELMERT/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXWORK1,MAXWORK2,MAXWORK3,MAXWORK4,MAXWORK5/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXWORK1,MAXWORK2,MAXW0RK3,MAXW0RK4,MAXWORK5/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) HELMERT/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP3601,EXP3602,EXP3603,EXP3604,EXP3605/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP3601,EXP3602,EXP3603,EXP3604,EXP3605/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) HELMERT/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF3601,EFF3602,EFF3603,EFF3604,EFF3605/ 
WSFACTORS = P0S(5)/ 
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CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF3601,EFF3602,EFF3603,EFF3604,EFF3605/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) HELMERT/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP7201,EXP7202,EXP7203,EXP7204,EXP7205/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP7201,EXP72O2,EXP72O3,EXP72O4,EXP72O5/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) HELMERT/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF7201,EFF7202,EFF7203,EFF7204,EFF7205/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) POLYNOMIAL/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF7201,EFF72O2,EFF72O3,EFF7204,EFF7205/ 
WSFACTORS = POS(5)/ 
CONTRAST(POS) HELMERT/ 
WSDESIGN = POS/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
FINISH 
184 
01 1 2 30 1660 6510 108 142 034 052 107 055 086 123 037 4162 0650 
0685 1080 0415800 19 40 48 48 44 141 179 207 251 58 115 127 142 136 
195 308 000 000 000 000 000 000 000 
130 185 316 164 202 262 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 069 291 120 211 
01 2 2 30 1660 6510 092 130 038 056 130 112 087 096 009 4308 0950 
0977 1260 0744600 11 26 24 30 24 146 202 219 242 45 080 080 075 069 
131 220 363 000 000 000 000 000 000 
193 294 496 230 289 361 209 239 268 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 049 367 084 291 
01 3 2 30 1660 6510 077 126 049 063 144 081 080 095 015 4960 1250 
1273 1470 1133800 12 24 26 26 24 169 204 219 241 30 076 075 072 073 
135 235 361 454 000 000 000 000 000 
187 241 429 215 247 318 210 229 266 195 209 234 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 051 312 086 272 
01 4 2 30 1660 6510 062 085 023 068 141 073 070 110 040 5534 1450 
1450 1470 1393500 19 34 30 32 36 191 180 200 214 55 088 088 092 094 
159 257 388 475 000 000 000 000 000 
159 243 356 197 251 299 196 228 253 186 222 229 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 061 312 099 260 
01 5 2 30 1660 6510 044 082 038 068 145 077 066 100 034 5110 0950 
0988 1260 0759300 20 40 42 38 44 177 167 188 219 61 117 119 117 129 
199 297 448 000 000 000 000 000 000 
127 183 309 170 214 281 169 196 229 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 071 272 112 234 
02 1 2 35 1718 7755 105 144 039 066 132 066 080 144 064 3210 0900 
0900 1080 0648000 12 18 20 34 26 129 196 216 228 37 072 072 096 099 
148 248 352 000 000 000 000 000 000 
171 228 333 204 240 288 216 241 271 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 058 211 096 216 
02 2 2 35 1718 7755 085 129 044 056 130 074 096 117 021 5050 1300 
1442 1470 1381250 18 28 24 24 32 202 171 187 193 48 068 071 086 094 
170 279 404 508 000 000 000 000 000 
149 207 248 181 219 240 188 213 226 174 193 203 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 066 222 104 222 
02 3 2 35 1718 7755 066 113 047 066 139 073 085 100 015 5312 1600 
1653 1680 1724600 13 24 26 26 28 211 187 199 213 44 072 076 078 087 
128 237 363 460 557 000 000 000 000 
198 301 452 214 262 307 209 238 261 193 213 231 186 201 215 000 000 
000 000 000 000 000 000 000 000 000 000 048 351 087 268 
02 4 2 35 1718 7755 059 099 040 064 139 075 088 099 Oil 5418 1900 
1925 1890 2181000 14 24 26 30 28 217 204 218 232 53 083 087 091 095 
143 234 329 412 493 595 000 000 000 
177 281 422 216 280 335 231 275 309 215 247 272 210 235 255 198 218 
T32 000 000 000 000 000 000 000 000 000 055 272 083 286 
02 5 2 35 1718 7755 042 079 037 064 138 074 090 100 010 5264 1500 
1505 1470 1475400 16 30 40 48 50 203 170 184 211 53 098 114 138 134 
176 268 369 468 572 000 000 000 000 
144 206 224 189 235 298 206 240 280 189 213 250 181 199 226 000 000 
000 000 000 000 000 000 000 000 000 000 063 256 097 252 
03 1 2 23 1765 7640 107 144 037 055 115 060 095 137 042 4452 0850 
0888 1080 0635400 10 24 28 34 42 173 146 155 170 37 081 088 106 127 
154 305 000 000 000 000 000 000 000 
164 216 347 166 189 226 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 061 228 118 179 
185 
03 2 2 23 1765 7640 090 126 036 057 130 073 091 101 010 5156 1250 
1303 1470 1177900 10 18 22 24 32 204 169 178 189 35 073 078 081 091 
164 258 396 531 000 000 000 000 000 
154 196 278 196 227 274 192 210 235 167 179 196 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 056 222 094 222 
03 3 2 23 1765 7640 085 108 023 065 137 072 095 099 004 4990 1450 
1508 1680 1481000 12 20 24 32 36 197 200 213 228 44 080 083 101 113 
148 267 400 495 560 000 000 000 000 
171 243 372 190 227 271 190 213 237 179 196 215 185 200 217 000 000 
000 000 000 000 000 000 000 000 000 000 059 216 102 206 
03 4 2 23 1765 7640 051 092 041 061 132 071 080 090 010 4690 1450 
1503 1680 1472600 16 16 22 28 32 184 214 234 243 42 073 075 085 091 
144 254 379 462 533 000 000 000 000 
176 248 356 199 239 280 200 225 248 192 211 229 194 210 226 000 000 
000 000 000 000 000 000 000 000 000 000 053 228 098 206 
03 5 2 23 1765 7640 040 080 040 063 121 058 079 087 008 4796 1300 
1315 1470 1195050 12 22 34 36 44 188 183 196 224 44 092 100 103 111 
172 270 393 480 000 000 000 000 000 
147 198 316 187 224 284 193 218 252 185 203 233 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 064 210 103 208 
04 1 2 22 1685 7080 099 141 042 060 125 065 095 139 044 0000 0000 
0000 0000 0000000 00 00 00 00 00 000 000 000 000 00 000 000 000 000 
000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 000 000 000 000 
04 2 2 22 1685 7080 095 134 039 055 142 087 088 100 012 3756 0600 
0638 1080 0365400 09 20 24 30 34 145 175 187 203 35 073 068 085 102 
196 342 000 000 000 000 000 000 000 
129 157 206 148 165 188 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 077 148 129 155 
04 3 2 22 1685 7080 078 135 057 065 157 092 080 090 010 4740 1100 
1103 1260 0904200 12 18 18 22 22 183 162 173 179 34 066 061 067 074 
140 265 400 000 000 000 000 000 000 
181 239 342 191 219 254 190 208 228 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 055 228 098 211 
04 4 2 22 1685 7080 057 098 041 064 136 072 085 100 015 4122 1150 
1200 1260 1026000 10 20 24 20 24 157 188 201 222 37 073 071 071 081 
134 245 368 449 000 000 000 000 000 
189 261 415 207 243 294 206 229 257 197 215 234 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 052 264 096 222 
04 5 2 22 1685 7080 036 082 046 071 141 070 080 110 030 4436 0900 
0962 1260 0725700 13 26 28 32 30 171 172 186 206 44 087 090 100 105 
168 266 412 076 000 000 000 000 000 
151 204 312 190 228 283 184 206 234 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 063 228 094 248 
05 1 2 25 1720 6195 110 150 040 066 129 063 099 127 028 3264 0550 
0572 0720 0303600 17 18 38 28 08 104 162 194 196 44 067 030 075 081 
157 000 000 000 000 000 000 000 000 
161 224 281 000 000 000 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 063 187 095 219 
05 2 2 25 1720 6195 096 141 045 066 140 074 094 105 Oil 3338 0650 
0645 1080 0372600 16 18 16 18 16 108 234 275 281 50 062 059 064 071 
135 261 000 000 000 000 000 000 000 
187 298 347 194 228 254 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 053 241 099 208 
186 
05 3 2 25 1720 6195 090 116 026 064 138 074 079 090 Oil 3054 0550 
0758 1080 0495000 13 24 24 30 34 099 256 294 337 39 068 076 091 104 
143 254 000 000 000 000 000 000 000 
177 243 337 199 235 272 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 056 264 093 244 
05 4 2 25 1720 6195 060 110 050 072 146 074 095 104 009 4006 0800 
0817 1080 0558000 12 20 26 30 34 131 194 213 210 36 065 079 082 085 
139 251 000 000 000 000 000 000 000 
182 246 342 202 235 272 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 052 264 093 231 
05 5 2 25 1720 6195 037 085 048 065 145 080 080 085 005 3516 0650 
0700 1080 0450000 09 14 18 16 20 113 224 243 256 38 050 066 066 080 
134 255 000 000 000 000 000 000 000 
189 264 301 198 233 247 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 051 228 097 203 
06 1 2 25 1746 7880 125 150 025 063 135 072 075 158 083 5218 1300 
1317 1470 1197500 21 30 34 42 48 217 159 176 188 55 116 091 121 137 
183 306 447 590 000 000 000 000 000 
138 198 378 165 202 266 170 194 229 150 166 177 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 062 263 115 198 
06 2 2 25 1746 7880 098 130 032 064 128 064 084 112 028 5712 1650 
1670 1680 1752600 20 27 28 42 37 238 165 181 187 60 110 108 118 115 
168 274 417 549 604 000 000 000 000 
151 281 436 185 236 309 182 213 247 161 181 201 171 190 208 000 000 
000 000 000 000 000 000 000 000 000 000 053 324 099 234 
06 3 2 25 1746 7880 087 122 035 067 145 078 072 092 020 5858 2150 
2153 2025 2646000 15 26 24 30 29 245 194 206 221 52 076 085 086 087 
142 247 355 435 505 599 690 000 000 
178 281 383 205 260 296 214 250 272 204 231 253 205 228 246 197 216 
230 206 223 235 000 000 000 000 000 000 051 337 087 277 
06 4 2 25 1746 7880 058 095 037 067 137 070 095 104 009 6236 2000 
2027 1890 2399400 16 30 30 34 38 259 171 182 193 59 093 101 110 115 
160 259 363 446 502 613 000 000 000 
158 251 378 195 253 305 209 250 281 199 229 257 206 233 258 193 213 
231 000 000 000 000 000 000 000 000 000 058 301 090 281 
06 5 2 25 1746 7880 041 081 040 073 156 083 073 100 027 5714 1800 
1858 1890 2081250 17 38 46 40 44 240 185 199 221 65 117 128 128 139 
183 293 293 450 553 648 000 000 000 
138 214 383 173 222 288 193 231 275 197 230 275 187 212 243 182 203 
227 000 000 000 000 000 000 000 000 000 066 301 104 256 
07 1 2 21 1667 6760 115 145 030 066 141 075 083 142 059 4492 0850 
0852 1080 0595800 11 30 34 30 34 152 167 180 208 47 090 097 096 101 
156 272 000 000 000 000 000 000 000 
162 232 383 186 225 278 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 055 337 102 234 
07 2 2 21 1667 6760 089 136 047 063 134 071 090 101 Oil 4760 0900 
0900 1080 0648000 16 22 24 24 28 163 155 172 179 45 073 069 075 082 
148 268 440 000 000 000 000 000 000 
171 246 337 189 227 260 173 192 207 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 054 264 104 206 
07 3 2 21 1667 6760 077 117 040 063 126 063 100 110 010 5336 1300 
1295 1470 1165650 15 22 22 22 24 175 197 216 226 55 069 068 069 071 
137 249 380 474 000 000 000 000 000 
185 309 372 203 261 281 200 233 244 187 211 218 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 052 281 092 241 
187 
07 4 2 21 1667 6760 060 100 040 067 153 086 089 097 008 5410 1250 
1268 1470 1126450 20 24 24 30 30 186 185 208 213 52 073 080 088 094 
149 248 412 518 000 000 000 000 000 
170 261 333 204 258 289 184 211 224 171 190 202 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 054 281 090 256 
07 5 2 21 1667 6760 031 081 050 055 123 068 079 097 018 4480 0850 
0848 1080 0592200 13 26 26 32 36 154 164 179 197 44 077 085 098 114 
171 297 000 000 000 000 000 000 000 
148 199 269 170 200 230 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 065 216 104 216 
08 1 2 29 1785 6650 114 155 041 068 127 059 108 145 037 3344 0650 
0647 1080 0374400 11 32 32 40 41 116 219 242 303 41 098 102 112 116 
156 274 000 000 000 000 000 000 000 
162 220 436 185 217 287 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 056 351 104 234 
08 2 2 29 1785 6650 092 137 045 068 137 069 092 105 013 4048 0750 
0825 1080 0567000 13 14 24 20 22 139 .183 201 203 41 064 065 073 081 
130 242 000 000 000 000 000 000 000 
195 284 383 209 252 284 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 047 256 089 225 
08 3 2 29 1785 6650 083 123 040 064 142 078 092 100 008 4838 1000 
1142 1260 0951250 13 18 22 24 28 169 175 190 202 49 061 063 074 082 
130 243 385 000 000 000 000 000 000 
195 312 367 208 261 278 197 226 234 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 050 264 094 222 
08 4 2 29 1785 6650 054 103 049 060 136 076 099 109 010 4796 1200 
1263 1470 1119100 09 18 28 28 30 165 208 221 251 42 060 071 081 086 
135 237 358 455 000 000 000 000 000 
187 272 337 214 260 286 212 240 255 195 214 224 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 054 234 089 235 
08 5 2 29 1785 6650 043 086 043 073 140 067 090 113 023 4440 1000 
1033 1260 0816000 12 26 32 32 34 154 191 208 242 43 074 073 101 105 
141 228 365 000 000 000 000 000 000 
179 258 377 222 274 329 208 234 261 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 052 324 083 296 
09 1 2 29 1815 7860 117 157 040 053 127 074 102 136 034 4434 1300 
1305 1470 1180350 13 24 26 26 26 181 190 205 222 46 077 079 080 084 
138 258 406 483 000 000 000 000 000 
183 275 415 196 239 280 187 211 231 183 203 219 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 052 301 094 241 
09 2 2 29 1815 7860 098 134 036 052 124 072 091 116 025 4914 1400 
1425 1470 1356750 17 26 28 26 22 200 172 188 200 54 082 080 082 085 
139 261 392 495 000 000 000 000 000 
182 298 444 194 244 283 194 225 245 179 201 213 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 051 337 093 252 
09 3 2 29 1815 7860 081 120 039 065 145 080 096 108 012 4801 1700 
1700 1680 1803000 16 26 26 22 24 202 195 212 224 47 070 068 076 075 
135 228 351 423 511 000 000 000 000 
187 288 389 222 280 320 216 250 270 209 236 249 201 223 233 000 000 
000 000 000 000 000 000 000 000 000 000 048 383 083 296 
09 4 2 29 1815 7860 056 100 044 060 139 079 081 096 015 5306 1850 
1928 1890 2213550 14 22 22 20 26 220 201 215 224 41 068 066 068 073 
125 229 340 415 479 571 000 000 000 
202 301 444 221 269 314 223 254 279 213 237 254 216 236 250 207 223 
234 000 000 000 000 000 000 000 000 000 047 337 082 281 
188 
09 5 2 29 1815 7860 032 075 043 066 131 065 079 099 020 4864 1800 
1800 1680 2538000 13 24 24 26 28 203 193 207 220 41 084 085 093 097 
157 253 368 427 499 584 000 000 000 
161 218 347 200 239 299 206 232 267 207 229 259 207 226 250 202 217 
237 000 000 000 000 000 000 000 000 000 056 264 0090 256 
10 1 2 29 1729 7065 114 150 036 071 130 059 091 133 042 4144 1050 
1200 1260 1026000 13 20 22 26 24 154 192 209 224 44 077 069 079 077 
133 234 351 442 000 000 000 000 000 
190 284 452 216 266 322 216 247 277 200 222 237 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 047 312 089 244 
10 2 2 29 1729 7065 091 130 039 061 123 062 090 105 015 4370 1350 
1333 1470 1222000 15 24 22 20 26 157 219 243 255 49 068 065 070 069 
131 226 342 413 000 000 000 000 000 
193 309 402 224 286 320 222 259 277 214 243 255 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 048 351 081 296 
10 3 2 29 1729 7065 076 108 032 062 131 078 089 114 025 4774 1550 
1578 1680 1598600 16 20 22 22 20 178 221 243 252 45 063 067 064 067 
135 235 350 429 498 000 000 000 000 
187 281 351 215 266 294 217 249 265 206 231 245 207 228 240 000 000 
000 000 000 000 000 000 000 000 000 000 056 234 091 238 
10 4 2 29 1729 7065 046 090 044 061 139 078 089 114 025 5100 1800 
1800 1680 1971000 15 22 20 26 22 188 209 228 234 48 068 067 073 075 
132 222 342 409 482 539 000 000 000 
192 301 395 228 291 329 222 258 277 217 245 259 214 238 249 219 241 
250 000 000 000 000 000 000 000 000 000 049 312 082 281 
10 5 2 29 1729 7065 029 084 055 062 145 083 086 097 Oil 3866 1400 
1483 1470 1295500 16 24 20 22 28 142 243 273 282 52 070 066 072 078 
123 215 309 368 409 000 000 000 000 
206 356 477 235 310 349 246 295 318 241 280 293 253 289 301 000 000 
000 000 000 000 000 000 000 000 000 000 045 402 077 318 
11 1 2 25 1711 6750 114 154 040 065 140 075 086 146 060 3732 0750 
0815 1080 0554400 18 40 34 40 30 133 190 220 272 55 110 096 091 094 
170 266 000 000 000 000 000 000 000 
149 221 425 190 240 324 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 054 000 096 301 
11 2 2 25 1711 6750 101 135 034 060 132 072 082 101 019 5396 1300 
1358 1470 1258750 14 22 22 30 28 189 182 197 206 49 076 070 075 079 
134 247 381 463 000 000 000 000 000 
189 298 436 205 255 296 199 229 249 191 214 225 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 050 301 084 272 
11 3 2 25 1711 6750 081 119 038 063 140 077 081 091 010 4944 1400 
1388 1470 1302850 11 28 30 20 26 175 197 210 238 45 073 080 080 081 
144 247 448 460 000 000 000 000 000 
176 256 356 205 251 291 169 188 202 193 213 233 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 049 301 084 301 
11 4 2 25 1711 6750 061 097 036 062 144 072 090 098 008 5724 1600 
1602 1680 1637800 11 20 28 32 30 196 201 213 234 44 083 081 086 086 
145 246 357 445 504 000 000 000 000 
175 250 408 206 251 310 213 243 277 199 221 243 205 225 244 000 000 
000 000 000 000 000 000 000 000 000 000 056 234 092 234 
11 5 2 25 1711 6750 044 083 039 066 137 071 065 087 022 4922 1050 
1152 1260 0965000 24 36 33 32 46 174 170 197 209 58 106 095 097 118 
213 325 431 000 000 000 000 000 000 
119 163 236 156 190 231 17b 204 234 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 082 183 123 194 
189 
12 1 2 33 1878 8310 104 153 049 061 128 067 105 140 035 5118 1600 
1605 1680 1643400 17 32 30 38 40 230 171 185 197 60 102 100 110 115 
181 280 417 517 618 000 000 000 000 
140 209 320 181 230 184 182 213 241 171 194 212 167 185 199 000 000 
000 000 000 000 000 000 000 000 000 000 067 241 098 256 
12 2 2 33 1878 8310 094 127 033 074 144 070 090 095 005 5428 1900 
1905 1890 2069550 23 30 26 30 30 242 183 202 205 66 093 088 093 098 
159 263 393 462 547 654 000 000 000 
159 272 383 192 257 298 193 232 253 192 224 237 189 215 225 181 201 
209 000 000 000 000 000 000 000 000 000 057 312 090 281 
12 3 2 33 1878 8310 081 116 035 067 141 074 091 102 Oil 5944 2450 
2535 2250 3449250 18 28 28 25 28 262 201 216 222 61 085 085 091 096 
135 232 347 408 479 557 634 727 000 
187 342 506 218 296 344 219 265 290 217 255 274 216 247 262 212 238 
250 210 232 242 196 214 224 000 000 000 051 367 085 296 
12 4 2 33 1878 8310 059 092 033 074 153 079 094 105 Oil 5996 2600 
2700 2250 3820500 20 30 32 34 36 266 198 214 227 67 088 097 099 103 
158 248 261 418 479 553 616 691 764 
160 278 361 204 280 316 210 258 278 212 252 276 216 251 270 214 243 
259 216 242 256 206 228 240 207 227 238 057 312 085 307 
12 5 2 33 1878 8310 037 081 044 082 160 078 112 118 006 5840 2600 
2600 2250 3550500 17 30 34 38 44 259 204 218 239 62 092 104 112 118 
161 256 369 422 492 546 623 701 000 
157 256 367 198 261 309 204 247 274 210 246 279 210 240 266 216 244 
267 213 234 266 203 223 242 000 000 000 061 272 093 268 
13 1 2 22 1812 7930 117 143 026 068 119 051 085 125 040 3782 0850 
0778 1080 0516600 17 28 36 46 46 156 162 182 198 51 078 100 127 143 
183 270 000 000 000 000 000 000 000 
138 192 241 187 231 264 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 070 201 107 214 
13 2 2 22 1812 7930 092 127 035 067 129 062 078 095 018 4118 1000 
1033 1260 0816000 17 22 22 28 32 172 172 190 197 52 070 067 077 088 
151 268 414 000 000 000 000 000 000 
168 256 312 189 234 256 183 210 221 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 058 234 098 222 
13 3 2 22 1812 7930 076 108 032 067 145 078 095 100 005 4762 1350 
1430 1470 1364100 16 32 22 24 28 198 174 189 196 50 072 066 075 082 
140 245 389 494 000 000 000 000 000 
181 281 372 207 260 293 195 224 239 179 199 207 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 054 383 094 272 
13 4 2 22 1812 7930 058 098 040 079 145 066 094 103 009 4904 1600 
1603 1680 1640600 19 28 32 30 41 204 193 213 229 55 079 086 091 107 
158 261 394 469 554 000 000 000 000 
160 246 320 194 246 278 193 224 241 189 214 231 187 207 221 000 000 
000 000 000 000 000 000 000 000 000 000 058 281 099 238 
13 5 2 22 1812 7930 035 075 040 067 129 062 095 098 003 4378 1300 
1428 1470 1214650 16 30 36 38 48 183 188 206 234 57 090 108 121 139 
172 278 399 482 000 000 000 000 000 
147 220 309 182 229 269 190 222 246 184 208 237 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 064 248 100 241 
14 1 2 25 1747 6745 114 155 041 069 134 065 087 142 055 5380 1050 
1078 1260 0872700 17 22 26 28 26 190 155 171 180 53 073 074 083 087 
151 264 437 000 000 000 000 000 000 
168 258 324 192 240 265 174 198 209 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 056 248 095 231 
190 
14 2 2 25 1747 6745 094 135 041 065 139 074 074 095 021 6360 1450 
1532 1680 1520200 14 24 28 26 30 214 184 197 212 52 068 068 074 085 
142 257 405 491 591 000 000 000 000 
178 281 342 197 247 268 187 215 225 180 202 209 175 192 198 000 000 
000 000 000 000 000 000 000 000 000 000 055 256 091 252 
14 3 2 25 1747 6745 085 120 035 067 147 080 075 099 024 6830 1900 
1918 1890 2194650 17 24 26 32 32 240 185 199 209 54 076 077 081 086 
146 254 373 435 523 632 000 000 000 
173 275 361 199 253 284 204 238 256 204 232 247 198 220 232 187 204 
213 000 000 000 000 000 000 000 000 000 058 248 092 248 
14 4 2 25 1747 6745 049 093 044 059 132 073 095 101 006 6206 1850 
1878 1890 2119050 20 26 28 32 32 224 198 217 226 58 078 077 086 094 
152 258 377 449 538 623 000 000 000 
166 269 342 196 253 281 201 238 254 197 227 238 192 215 224 190 209 
216 000 000 000 000 000 000 000 000 000 059 256 094 248 
14 5 2 25 1747 6745 031 079 048 062 135 073 081 101 020 6419 1600 
1608 1680 1649000 20 34 42 38 36 225 175 192 215 68 107 118 120 120 
179 298 411 481 586 000 000 000 000 
141 228 351 170 222 265 185 221 250 184 214 244 176 199 221 000 000 
000 000 000 000 000 000 000 000 000 000 066 264 106 234 
a.5 1 2 26 1705 7005 110 157 047 057 135 078 096 114 018 3220 0700 
0708 1080 0441000 10 24 28 34 34 117 216 236 272 35 076 080 094 106 
143 240 000 000 000 000 000 000 000 
177 234 378 211 245 309 000 000 000 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 052 301 088 263 
15 2 2 26 1705 7005 099 139 040 063 143 080 081 092 Oil 4334 1100 
1102 1260 0902100 16 20 26 22 24 158 187 208 224 56 065 068 069 070 
128 231 350 000 000 000 000 000 000 
198 351 402 219 289 305 217 258 266 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 049 291 082 272 
15 3 2 26 1705 7005 087 131 044 067 145 078 083 099 016 4752 1150 
1200 1260 1026000 13 20 24 26 26 175 169 182 196 48 065 072 076 080 
146 256 374 482 000 000 000 000 000 
173 258 312 198 243 265 203 233 246 184 204 216 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 056 234 092 234 
15 4 2 26 1705 7005 056 110 054 063 145 082 087 103 016 4626 1200 
1232 1470 1072550 18 24 34 34 34 168 205 230 257 55 076 093 096 103 
159 255 375 468 000 000 000 000 000 
159 243 305 198 253 283 202 237 254 189 214 236 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 058 248 095 238 
15 5 2 26 1705 7005 046 101 055 073 150 077 093 100 007 4448 1000 
1030 1260 0811800 16 30 30 34 40 160 185 205 227 49 078 087 102 110 
165 268 388 000 000 000 000 000 000 
153 218 291 189 231 266 196 224 245 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 062 264 100 241 
16 1 2 24 1808 8010 123 154 031 063 129 066 095 114 019 4272 0850 
0900 1080 0648000 17 24 36 44 44 180 141 155 162 55 091 119 131 131 
190 312 462 000 000 000 000 000 000 
133 187 255 162 197 229 164 187 205 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 068 192 115 185 
16 2 2 24 1808 8010 098 135 037 068 134 066 091 114 023 4856 1200 
1200 1260 1026000 13 28 30 28 32 205 144 154 169 42 092 101 112 109 
155 270 404 541 000 000 000 000 000 
163 224 402 187 222 284 188 210 243 164 177 201 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 060 264 096 248 
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16 3 2 24 1808 8010 086 123 037 067 143 076 100 115 015 4870 1350 
1375 1470 1283250 11 22 26 28 28 207 166 176 190 32 073 076 081 084 
135 257 394 493 000 000 000 000 000 
187 246 408 197 225 275 193 210 236 180 192 212 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 051 291 094 234 
16 4 2 24 1808 8010 058 091 033 070 148 078 089 119 030 4864 1400 
1453 1470 1398400 19 34 36 36 44 209 141 155 171 60 094 111 111 130 
184 287 411 470 000 000 000 000 000 
138 204 281 176 223 262 185 216 239 188 216 247 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 070 234 103 244 
16 5 2 24 1808 8010 034 082 048 070 146 076 086 110 014 4946 1150 
1182 1260 1002900 18 36 36 36 44 209 141 155 171 63 113 118 132 140 
221 318 452 000 000 000 000 000 000 
115 160 234 159 198 247 168 195 224 000 000 000 000 000 000 000 000 
000 000 000 000 000 000 000 000 000 000 080 192 114 216 
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APPENDIX J 
EXPERIMENT 2: DEFINITIONS, SAMPLE SPSS MANOVA PROGRAM 
AND SUMMARIZED DATA 
DEFINITION OF VARIABLE LIST FOR EXPERIMENT 2 
ID - Subject Identification Number 
OR - Body Orientation (1 = 60 degree) 
(2 = 90 degree) 
(3 = 120 degree) 
AGE - Subjects' age during pre-test session 
RT - Height 
WT - Weight 
HMEAN - Mean Hip Angle 
HMIN - Minimum Hip Angle 
HMAX - Maximum Hip Angle 
HRANGE - Hip Angle Range of Motion 
KMEAN - Mean Knee Angle 
KMIN - Minimum Knee Angle 
KMAX - Maximum Knee Angle 
KRANGE - Knee Angle Range of Motion 
MEAN - Mean Ankle Angle 
AMIN - Minimum Ankle Angle 
AMAX - Maximum Ankle Angle 
ARANGE - Ankle Angle Range of Motion 
HR - Maximal Heart Rate 
V02 - Maximal Oxygen Consumption (Max V02) 
TV02 - Time at which Max V02 occurred 
TIME - Weight 
HMEAN - Mean Hip Angle 
HMIN - Minimum Hip Angle 
HMAX - Maximum Hip Angle 
HRANGE - Hip Angle Range of Motion 
KMEAN - Mean Knee Angle 
KMIN - Minimum Knee Angle 
KMAX - Maximum Knee Angle 
KRANGE - Knee Angle Range of Motion 
MEAN - Mean Ankle Angle 
AMIN - Minimum Ankle Angle 
AMAX - Maximum Ankle Angle 
ARANGE - Ankle Angle Range of Motion 
HR - Maximal Heart Rate 
V02 - Maximal Oxygen Consumption (Max V02) 
TV02 - Time at which Max V02 occurred 
TIME - Cycling Duration 
MAXLOAD - Maximal Workload 
T0TW0RK - Total Work Output 
BREST - Baseline Resting Energy Expenditure 
B60 - Baseline energy expenditure with 0 load at 60 rpm 
during the last 30 seconds 
B70 - Baseline energy expenditure with 0 load at 70 rpm 
during the last 30 seconds 
B75 - Baseline energy expenditure with 0 load at 75 rpm 
during the last 30 seconds 
B80 - Baseline energy expenditure with 0 load at 80 rpm 
during the last 30 seconds 
MAXEN - Maximal Energy Expenditure 
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MAXGROS - Maximal Gross Efficiency 
MAXNET - Maximal Net Efficiency 
MAXWORK - Maximal Work Efficiency 
TREST - Total Resting Energy Expenditure (during the last 3 
minutes of rest) 
T60 - Total energy expenditure with 0 load at 60 rpm 
T70 - Total energy expenditure with 0 load at 70 rpm 
T75 - Total energy expenditure with 0 load at 75 rpm 
T80 - Total energy expenditure with 0 load at 80 rpm 
T3EN - Total energy expenditure of the 1st workload (rain 0-3) 
T6EN - Total energy expenditure of the 2nd workload (rain 3-6) 
T9EN - Total energy expenditure of the 3rd workload (rain 6-9) 
T3GR0S - Gross Efficiency of the 1st workload (minutes 0-3) 
T3NET - Net Efficiency of the 1st workload (minutes 0-3) 
T3W0RK - Work Efficiency of the 1st workload (minutes 0-3) 
T6GR0S - Gross Efficiency of the 2nd workload (minutes 3-6) 
T6NET - Net Efficiency of the 2nd workload (minutes 3-6) 
T6W0RK - Work Efficiency of the 2nd workload (minutes 3-6) 
T9GR0S - Gross Efficiency of the 3rd workload (minutes 6-9) 
T9NET - Net Efficiency of the 3rd workload (minutes 6-9) 
T9W0RK - Work Efficiency of the 3rd workload (minutes 6-9) 
EXP360 - Energy Expenditure during the last minute at a workload 
of 360 kpm 
EFF360 - Work Efficiency during the last minute at a workload of 
360 kpm 
EXP720 - Energy Expenditure during the last minute at a workload 
of 720 kpm 
EFF720 - Work Efficiency during the last minute at a workload of 
720 kpm 
It should be noted that in the VARIABLE LIST of the SPSS 
program, each variable (except ID, AGE, HT, and WT) has a number 
(i.e., 1, 2, or 3) added at the end. This number identifies the 
body orientation (trunk angle, where 1 = 60 degrees, 2 = 90 
degrees, 3 = 120 degrees) that the variable represents. 
EXAMPLES: KMEAN3 - Mean Knee Angle with a body orientation 
(trunk angle) of 120 degrees 
ORg - Body Orientation (trunk angle) at 90 
degrees 
T9NET1 - Net Efficiency at the 3rd workload 
(minutes 6-9) with a body orientation 
(trunk angle) of 60 degrees 
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RUN NAME EXPERIMENT 2: CONDESCRIPTIVE, TREND ANALYSIS AND 
MANOVA 
VARIABLE LIST ID, OR1, AGE, HT, WT, HMEAN1, HMIN1, HMAX1, 
HRANGE1, KMEAN1, KMIN1, KMAX1, KRANGE1, AMEAN1, 
AMIN1, AMAX1, ARANGE1, HR1, V021, TV021, TIME1, 
MAXLOAD1, TOTWORKl, BREST1, B601, B701, B751, 
B801, MAXEN1, MAXGROS1, MAXNET1, MAXWORK1, TREST1, 
T601, T701, T751, T801, T3EN1, T6EN1, T9EN1, 
T3GROS1, T3NET1, T3WORK1, T6GROS1, T6NET1, 
T6WORK1, T9GROS1, T9NET1, T9WORK1, EXP3601, 
EFF3601, EXP7201, EFF7201, OR2, HMEAN2, 
HMIN2, HMAX2, HRANGE2, KMEAN2, KMIN2, KMAX2, 
KRANGE2, AMEAN2, AMIN2, AMAX2, ARANGE2, HR2, V022, 
TV022, TIME2, MAXL0AD2, T0TW0RK2, BREST2, B602, 
B702, B752, B802, MAXEN2, MAXGR0S2, MAXNET2, 
MAXWORK2, TREST2, T602, T702, T752, T802, T3EN2, 
T6EN2, T9EN2, T3GROS2, T3NET2, T3W0RK2, T6GROS2, 
T6NET2, T6WORK2, T9GROS2, T9NET2, T9WORK2, EXP3602 
EFF3602, EXP7202, EFF7202, OR3, 
HMEAN3, HMIN3, HMAX3, HRANGE3, KMEAN3, KMIN3, 
KMAX3, KRANGE3, AMEAN3, AMIN3, AMAX3, ARANGE3, 
HR3, V023, TV023, TIME3, MAXL0AD3, TOTWORK3, 
BREST3, B603, B703, B753, B803, MAXEN3, MAXGROS3, 
MAXNET3, MAXWORK3, TREST3, T603, T703, T753, T803, 
T3EN3, T6EN3, T9EN3, T3GROS3, T3NET3, T3WORK3, 
T6GROS3, T6NET3, T6WORK3, T9GROS3, T9NET3, 
T9WORK3, EXP3603, EFF3603, EXP7203, EFF7203 
INPUT MEDIUM CARD 
N OF CASES 10 
INPUT FORMAT FIXED(F2.0, IX, Fl.O, IX, F2.0, IX, F4.1, IX, 
F4.2/ T6, 12(F4.1, 1X)/ T6, F3.0, IX, F4.2, 
IX, 2(F4.2, IX), F4.0,1X,F7.2, IX, 5(F2.1, 
IX), F4.2/ T6, 3(F4.2, IX), 5(F3.1, IX), 
3(F4.2, 1X)/ T6, 9(F4.2, IX), 4(F3.1, 1X)/ 
T4, Fl.O, IX, 12(F4.1, 1X)/ T6, F3.0, IX, 
F4.2, IX, 2(F4.2, IX), F4.0,1X,F7.2, IX, 
5(F2.1, IX), F4.2/ T6, 3(F4.2, IX), 5(F3.1, 
IX), 3(F4.2, 1X)/ T6, 9(F4.2, IX), 4(F3.1, 
1X)/ T4, Fl.O, IX, 12(F4.1, 1X)/ T6, 
F3.0,1X,F4.2,1X,2(F4.2,1X), F4.0,1X, F7.2, 
IX, 5(F2.1, IX), F4.2/ T6, 3(F4.2, IX), 
5(F3.1, IX), 3(F4.2, 1X)/ T6, 9(F4.2, IX), 
4(F3.1, IX) ) 
MISSING VALUES ID TO EFF7203(0) 
CONDESCRIPTIVE ID TO EFF7203 
STATISTICS ALL 
MANOVA TOTWORKl,T0TW0RK2,T0TW0RK3/ 
WSFACTORS = 0RI(3)/ 
CONTRAST(ORI) = POLYNOMIAL/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA TOTWORKl,T0TW0RK2,T0TW0RK3/ 
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WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXEN1,MAXEN2,MAXEN3/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = POLYNOMIAL 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERT)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXEN1,MAXEN2.MAXEN3/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXWORK1,MAXWORK2,MAXWORK3/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = POLYNOMIAL/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA MAXWORK1,MAXWORK2,MAXWORK3/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP3601,EXP3602,EXP3603/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = POLYNOMIAL/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP3601,EXP3602,EXP3603/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERT)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
197 
MANOVA EFF3601,EFF3602,EFF3603/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = POLYNOMIAL/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERT)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF3601,EFF3602,EFF3603/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP7201,EXP7202,EXP7203/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = POLYNOMIAL/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EXP7201,EXP7202,EXP7203/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF7201,EFF72O2,EFF7203/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = POLYNOMIAL/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
MANOVA EFF7201,EFF7202,EFF7203/ 
WSFACTORS = ORI(3)/ 
CONTRAST(ORI) = HELMERT/ 
WSDESIGN = ORI/ 
PRINT = CELLINFO(MEANS), TRANSFORM ERROR(COR), 
SIGNIF(GG,HF,UNIV,AVERF)/ 
ANALYSIS(REPEATED)/ 
DESIGN/ 
FINISH 
01 1 30 1785 6590 
0780 0560 1000 0440 1020 0600 1440 0840 0840 0780 0900 0120 
162 4989 1300 1330 1470 1217100 19 26 30 28 28 1725 
1997 2244 2417 047 079 083 087 093 1290 2270 2196 
1962 3086 5061 2229 2811 3420 0000 0000 0000 046 422 081 306 
2 0710 0520 0900 0380 0945 0600 1290 0690 1000 0900 1100 0200 
162 5478 1250 1283 1470 1148500 19 26 24 32 34 1878 
1834 2040 2103 059 076 083 091 102 1360 2550 3840 
1861 3286 4217 1985 2582 2827 1977 2336 2465 052 324 093 252 
3 0895 0600 1190 0590 1135 0730 1540 0810 1170 1100 1240 0140 
162 5146 1150 1200 1260 1026000 24 30 36 38 38 1764 
1674 1937 2103 051 077 101 116 116 1690 2570 3744 
1497 2144 3032 1969 2456 2812 2028 2347 2553 066 234 095 260 
02 1 27 1793 6770 
0810 0660 0960 0300 0910 0570 125 0680 0810 0770 0850 0080 
156 4226 0900 0950 1260 0711000 18 30 34 30 30 1498 
1970 2230 2549 053 085 105 099 099 1460 2700 4007 
1733 2721 4148 1874 2332 2736 1895 2183 2405 051 402 101 238 
2 0695 0530 0860 0330 0980 0580 1380 0800 0995 0960 1030 0070 
156 4026 0900 0900 1080 0648000 10 32 41 40 36 1420 
1782 1917 2300 042 088 118 118 100 1590 2720 3878 
1591 2163 3564 1860 2200 2750 1958 2195 2532 058 324 103 237 
3 0845 0670 1020 0350 1030 0610 1450 0840 1005 0980 1030 0050 
150 4066 0950 0933 1260 0690000 14 34 38 40 38 1441 
2049 2269 2782 048 065 109 122 111 1790 2650 3726 
1414 1932 2220 1910 2332 2530 2037 2339 2468 059 337 102 240 
03 1 24 1765 7705 
0670 0450 0890 0440 0910 0570 1250 0680 0825 0800 0850 0050 
186 5422 1400 1410 1470 1334700 22 36 38 46 48 2184 
1577 1754 1909 072 110 113 132 142 1750 3060 4259 
3446 2457 3893 1654 2163 2582 1782 2145 2403 069 256 115 214 
2 0675 0470 0880 0410 1010 0600 1420 0820 0910 0820 1000 0180 
192 5314 1450 1500 1470 1467000 17 32 30 44 46 2153 
1600 1737 1859 061 092 111 128 129 1650 2770 4268 
1534 2433 3466 1827 2343 2736 1779 2075 2267 060 301 102 241 
3 0830 0660 1000 0340 1025 0620 1430 0810 0960 0840 1080 0240 
186 5500 1500 1500 1470 1467000 17 30 32 36 50 2234 
1542 1669 1792 063 098 114 113 129 1900 2935 4253 
1332 1992 2750 1724 2196 2589 1785 2095 2319 076 183 111 208 
04 1 34 1878 8700 
0710 0490 0930 0540 1085 0760 1410 0650 0880 0810 0950 0140 
186 5760 2300 2400 2025 3145500 21 36 34 40 38 2622 
1810 1967 2135 070 106 118 112 117 1640 2590 3690 
1542 2692 4363 1954 2678 3308 2057 2539 2886 060 351 094 291 
2 0800 0600 1000 0400 1115 0710 1520 0810 1040 1020 1060 0140 
180 5816 2350 2400 2025 3145500 18 26 34 38 42 2693 
1762 1888 2051 051 086 097 105 119 1600 2630 3870 
1582 2322 3420 1924 2387 2859 1962 2259 2522 058 264 093 252 
3 0810 0620 1000 0380 1145 0770 1520 0750 1085 1050 1120 0070 
180 5630 2300 2400 2025 3145500 13 20 32 38 38 2569 
1847 1945 2167 041 080 100 117 121 1680 2560 3670 
1506 1992 2876 1977 2354 2876 2068 2329 2645 060 211 091 238 
05 1 26 1746 8242 
0760 0630 0890 0260 1105 0660 1550 0890 0860 0790 0930 0140 
180 5404 1950 2000 1890 2349000 23 40 46 36 42 2343 
1890 2096 2352 061 123 137 122 135 1650 2630 3640 
1534 2433 6025 1924 2505 3615 2086 3030 3150 057 496 096 301 
2 0840 0630 1050 0420 1145 0700 1590 0890 0865 0750 0980 0230 
180 5760 1900 1900 1890 2160000 21 36 42 44 50 2493 
1776 1940 2136 064 109 116 123 144 1920 2840 4100 
1318 1977 3049 1782 2300 2892 1852 2194 2522 072 234 105 244 
3 0840 0660 1020 0360 1110 0740 1480 0740 0905 0750 1060 0310 
174 5322 1800 1800 1680 1971000 16 36 44 42 48 2282 
1725 1855 2137 056 102 128 139 144 1880 2830 3790 
1346 1917 2942 1788 2229 2796 2003 2350 2741 065 291 101 260 
06 1 24 1812 7160 
0810 0650 0970 0320 1025 0680 1370 0690 0865 0750 0980 0230 
186 4988 1350 1358 1470 1258750 22 36 38 44 44 1872 
1840 2080 2310 068 102 110 117 125 1710 2780 4266 
1480 2460 3670 1820 2410 2880 1780 2120 2340 062 324 107 238 
2 0750 0580 0920 0400 1040 0690 1390 0700 1080 0710 0950 0240 
174 5008 1350 1387 1470 1300400 19 34 38 46 58 1892 
1820 2024 2278 052 098 107 135 159 1960 2940 4271 
1291 1757 2582 1721 2091 2582 1777 2024 2307 071 228 114 211 
3 0760 0550 0970 0420 1065 0700 1430 0730 1080 0960 1200 0240 
174 4714 1150 1235 1470 1077450 16 30 36 36 52 1779 
1936 2127 2427 050 097 110 118 153 1770 2770 4278 
1430 1992 3163 1827 2229 2812 1775 2009 2295 064 248 105 225 
07 1 26 1747 7240 
0745 0550 0940 0390 1075 0640 1510 0870 0855 0710 1000 0290 
174 6372 1800 1882 1890 2125350 15 34 36 38 40 2410 
1837 1959 2160 063 111 110 110 119 1700 2750 3910 
1489 2365 4289 1840 1543 3086 1942 2314 2711 063 291 103 244 
2 0710 0500 0920 0420 1025 0630 1420 0790 0885 0720 1050 0330 
176 6064 1650 1660 1680 1735800 22 28 32 40 46 2288 
1720 1903 2000 064 084 095 107 120 1650 2780 4030 
1534 2505 3124 1820 2365 2609 1884 2239 2380 061 256 101 231 
3 0770 0580 0960 0380 1080 0680 1480 0800 1000 0900 1100 0200 
168 6220 1700 1705 1680 1811400 15 28 34 42 38 2344 
1679 1794 1964 056 086 099 110 111 1680 2690 3920 
1506 2259 3086 1881 2376 2766 1937 2259 2480 063 241 092 264 
08 1 31 1660 6650 
0810 0620 1000 0380 1105 0660 1550 0890 0925 0820 1030 0210 
174 5546 1250 1270 1470 1128900 21 36 40 38 40 1927 
1787 2006 2256 059 103 112 109 121 1650 2770 3880 
1534 2387 4080 1827 2322 2909 1957 2307 2664 062 324 103 252 
2 0850 0600 1100 0500 1090 0710 1470 0760 0925 0730 1110 0380 
180 5626 1250 1242 1470 1087250 17 2d 34 32 34 1937 
1778 1949 2157 047 079 096 102 100 1490 2690 3900 
1698 2481 3615 1881 2280 2664 1947 2213 2440 056 301 100 234 
3 0865 0670 1060 0390 1125 0670 158C 0910 0985 0770 1200 0430 
192 5962 1300 1298 1470 1191200 17 26 36 40 38 2060 
1672 1822 2026 052 080 103 109 110 1668 2730 3670 
1517 2204 2915 1854 2290 2622 2068 2410 2645 059 256 101 225 
09 1 35 1718 8070 
0675 0550 0800 0250 1130 0660 1600 0740 0990 0830 1150 0320 
204 4826 1500 1500 1470 1467000 14 32 34 42 40 2018 
1707 1835 2054 069 094 129 150 150 1770 2670 3805 
1430 2343 3049 1895 2556 2925 1995 2437 2650 062 281 096 264 
2 0820 0610 1030 0420 1120 0680 1560 0880 0940 0770 1110 0340 
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198 5630 1550 1585 1680 1609800 19 34 48 42 50 2372 
1659 1804 2080 060 108 122 134 154 1940 2970 4270 
1304 1977 2942 1704 2191 2678 1778 2103 2308 068 248 109 225 
3 0795 0550 1040 0490 1150 0670 1630 0960 1040 0920 1160 0240 
198 5392 1300 1350 1470 1246500 19 42 50 56 54 2275 
1515 1653 1942 057 115 127 154 157 2010 2830 4020 
1259 1757 2942 1788 2239 3012 1888 2200 2645 073 272 105 268 
10 1 32 1826 7110 
0775 0600 0950 0350 1000 0670 1330 0660 0845 0820 0870 0050 
168 4940 1250 1277 1470 1138700 15 36 36 36 38 1834 
1878 2045 2337 051 096 108 113 123 1560 2630 3810 
1622 2410 4217 1924 2387 3030 1992 2300 2664 059 367 100 264 
2 0700 0490 0910 0420 1000 0640 1360 0720 0990 0880 0950 0070 
180 4482 1300 1267 1470 1124000 14 26 26 28 28 1666 
2067 2257 2450 037 075 077 079 079 1380 2330 3400 
1834 2505 4017 2172 2582 3203 2233 2505 2865 048 383 090 264 
3 0785 0640 0930 0290 1100 0700 1500 0800 0990 0920 1060 0140 
168 4600 1250 1267 1470 1138000 15 26 34 32 34 1707 
2018 2212 2520 043 068 082 094 103 1460 2532 3645 
1733 2457 3244 1999 2408 2732 2083 2361 2560 053 312 094 248 
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